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Abalone are marine gastropods that command a very high market price, particularly in the 
Far East where they are a highly sought after sea food delicacy.  South Africa has a rapidly 
developing abalone aquaculture industry, based on the cultivation of Haliotis midae in land-
based race-way systems.  The relatively slow growth rates of abalone represent a major 
constraint on the abalone aquaculture industry.  However, there is mounting experimental 
evidence showing that the health and physiology of aquacultured species can be improved 
through the prophylactic use of probiotic bacteria.  Previous research by Macey and Coyne 
(2005) showed that H. midae fed a high protein artificial diet, ABFEED
®
 S34, supplemented 
with the bacterium Vibrio midae SY9 have enhanced digestion, growth and immune 
responses.  Probiotic microorganisms are thought to function in a variety of ways, which 
include the secretion of extracellular enzymes that may enhance digestion in the host 
organism.  However, most of the investigations conducted on probiotic microorganisms for 
aquacultured species have failed to elucidate the exact mode of action. 
 
In this study, the predominant V. midae SY9 extracellular alkaline protease, VmproA, was 
investigated in an attempt to determine the role of VmproA in the growth enhancing probiotic 
effect observed by Macey and Coyne (2005) for abalone fed V. midae SY9 supplemented 














The V. midae SY9 gene, vmproA, encoding the protease was cloned from a previously 
constructed genomic library and characterised.  Nucleotide sequencing and analysis indicated 
that vmproA encodes a protein, VmproA, which has high similarity to a Vibrio alginolyticus 
extracellular detergent resistant alkaline serine protease.  Furthermore, during the course of 
this investigation it became apparent that VmproA may represent an extracellular alkaline 
detergent-stable, member of the proteinase K-like subfamily of the subtilase superfamily of 
serine proteases. 
 
The detergent-stable protease gene, vmproA, was targeted for gene mutagenesis through 
vmproA gene duplication and disruption, resulting in the construction of the mutant strains 
V. midae SY9Pro2 and V. midae SY9Mut2, respectively.  VmproA gene duplication and 
disruption did not significantly influence the growth of the mutant strains in batch culture in 
comparison to V. midae SY9.  V. midae SY9Pro2 produced and secreted VmproA and had 
equivalent levels of extracellular protease activity to V. midae SY9 when cultivated in a high 
protein medium.  However, insertional inactivation of vmproA resulted in a loss of VmproA 
production and secretion.  This also resulted in a significant reduction in the extracellular 
protease levels produced by V. midae SY9Mut2 in comparison with that of V. midae SY9. 
 
The effect of dietary supplementation with either V. midae SY9, V. midae SY9Pro2 or 
V. midae SY9Mut2 on H. midae growth performance was investigated in a growth trial.  The 
basal diet of ABFEED
®
 S34 weaning chips was separately supplemented with the 







.  After 180 days, H. midae receiving either the 
V. midae SY9Pro2 or V. midae SY9Mut2 supplemented diets displayed significantly 
(P<0.05) enhanced growth parameters compared to abalone fed either the basal diet or the 
V. midae SY9 supplemented diet.  However, there was no significant difference (P>0.05) 
between animals fed the V. midae SY9 supplemented diet or the control diet.  In situ alkaline 
protease levels within the crop/stomach and intestinal digestive tract regions were 
significantly enhanced (P<0.05) in H. midae fed V. midae SY9 supplemented ABFEED
®
 S34 
compared to animals fed the basal diet or the basal diet supplemented with either 
V. midae SY9Pro2 or V. midae SY9Mut2.   
 
In situ hybridization and immunohistochemistry were employed to examine the in vivo 














digestive tract.  V. midae SY9 was chromosomally tagged with the mini-Tn10-gfp-kan 
transposon and the resulting strain, V. midae SY9::Tn10.52, contained a single chromosomal 
copy of a gfp gene.  V. midae SY9::Tn10.52 was incorporated into ABFEED
®
 S34 weaning 







.  Juvenile H. midae were fed either the basal diet of unsupplemented feed or 
V. midae SY9::Tn10.52 supplemented ABFEED
®
 S34 for 14 days.  In situ histological 
analysis of whole abalone sections, probed with specific DNA probes to the gfp gene, 
indicated that V. midae SY9::Tn10.52 could be localised to the crop/stomach and intestine of 
abalone fed the probiotic supplemented diet.  Similarly, polyclonal anti-VmproA antibodies 
localised VmproA to the crop/stomach and intestine of H. midae.  The chromosomally tagged 
probiotic cells were observed to be associated with the walls of the crop/stomach, and 
adhered to feed and/or other particulate matter within the gut of abalone fed the probiotic 
supplemented diet.  Likewise, VmproA appeared to be associated with feed and/or other 
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1.1 The biology of Haliotis midae 
 
Abalone are marine invertebrates that belong to the phylum mollusca, which includes 
the chitons, snails, clams, oysters, mussels, squids, and octopuses (Bevelander, 1988).  
Molluscs are soft-bodied, non-segmented, invertebrates that have a mantle cavity 
covering the gills, a definitive anterior head and a large muscular foot.  Abalone are 
members of the class Gastropoda.  These are molluscs that have one-piece shells or no 
shell at all, and move using their large muscular foot which is also used for 




Figure 1.1 Haliotis midae (Photograph by Rob Tarr, Marine and Coastal 
Management, South Africa) (a) and H. midae shells (Photograph by 
Patrick Smart) (b) showing the shell’s flat, ear-shape with the 
respiratory pores along the left side of each shell.  
 
Abalone belong to the family Haliotidae and the genus Haliotis, meaning “sea ear”, as 
they have a flattened shell whose general shape resembles that of a human ear 
(Stearns, 1869; Bevelander, 1988).  The shell has a distinctive row of respiratory 
holes along its left side (Fig. 1.1 b) (Bevelander, 1988; Branch et al., 2007).  As the 
animal grows and the shell increases in size, new pores are made and the older ones 
are filled in and incorporated into the shell.  The respiratory current exits the animal 
through these pores and in the process also removes faeces and urine (Bevelander, 
1988). 
 
There are approximately 100 species of abalone that are broadly distributed around 
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Pacific Ocean (Lindberg, 1992; Bevelander, 1988).  Most of the world’s abalone 
species are found in the central and south Pacific, and parts of the Indian Ocean.  
None of these are considered large abalone species, as the larger species are generally 
found in temperate waters and the smaller species in tropical and arctic regions (Imai, 
1977).  Abalone are generally found in the intertidal and subtidal regions at depths 
exceeding 30 meters (Bevelander, 1988).  They occur in crevices or colonise exposed 




Figure 1.2 A map of Southern Africa, showing the distribution along the coastline 
of the six endemic abalone species, (■) Haliotis midae; (■) Haliotis 
pustulata; (■) Haliotis spadicea; (■) Haliotis parva; (■) Haliotis queketti; 
and (■) Haliotis speciosa (figure adapted from 
http://web.uct.ac.za/depts/zoology/abnet/safrica.html). 
 
There are six haliotid species endemic to southern African waters [Haliotis midae 
(Fig. 1.1 and 1.2), Haliotis parvum L., Haliotis spadicea, Haliotis queketti, Haliotis 
speciosa, and Haliotis pustulata] (Fig. 1.2).  However, only H. midae, known locally 
as ‘perlemoen’, is commercially exploited (Muller, 1986; Hecht, 1994).  H. midae is 
the largest, reaching up to 200 mm in shell length in the wild, and the most abundant 
of the southern African abalone species.  This species occurs naturally from St. 
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Port St. Johns (31º 40'S; 29º 35'E) on the east coast of southern Africa (Simpson, 
1994). 
 
1.2 Abalone nutrition 
 
Abalone are herbivorous animals that live on, and are generally found in association 
with, macroalgae (Mai, 1998; Branch et al., 2007).  The greatest densities of adult 
H. midae are found in beds of kelp, Ecklonia maxima (Branch et al., 2007).  
E. maxima is the predominant algal species along the southwest coast of southern 
Africa and forms the main source of food in the diet of wild H. midae adults.  Abalone 
generally feed on drifting pieces of seaweed which they trap by rapidly clamping 
down their muscular foot as the kelp drifts past.  Wild abalone will feed on a range of 
different algae in an opportunistic manner, with at least two different algal species 
being present in the gut region at almost any stage of their adult life (Barkai and 
Griffiths, 1986). 
 
1.3 The abalone digestive system 
 
The digestive system of the abalone (Fig.1.3) consists of a buccal region and the 
digestive tract comprising the oesophagus, crop, stomach, intestine, digestive 
diverticulum and anus (Bevelander, 1988).  
 
The buccal region is made up of a short round snout with a vertical mouth cleft and 
the buccal cavity.  Within the buccal cavity is the long rasp-like tongue called the 
radula.  The radula is used to scrape and grind food into easily ingestible-sized pieces 
that are then swallowed.  The paired salivary glands secrete mucous into the buccal 
cavity, and together with the buccal pouches function by lubricating the radula, 
entangling fine food particles and aiding the movement of food into the oesophagus 
(Campbell, 1965; Bevelander, 1988).  The oesophagus is divided into anterior, middle 
and posterior regions and is lined with ciliated columnar cells (Bevelander, 1988).  
The walls of the middle region of the oesophagus are covered with papillae and are 
made up of numerous folds that increase the surface area and capacity of this region.  
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referred to as the crop (Bevelander, 1988).  The crop is primarily responsible for 
storing food, but is also the first part of the digestive tract where absorption takes 
place (Bevelander, 1988; McLean, 1970).  The crop is joined to the stomach, and 



























Figure 1.3 A detailed diagram of the digestive system of the Black Abalone, 
Haliotis cracherodii Leach, showing the complex and convoluted 
nature of the abalone digestive tract.  Abbreviations used in this figure 
are as follows: A., anus; B.P.R., right buccal pouch; B.R. buccal 
region; C., caecum; D.D., digestive diverticulum (partially removed 
from oesophagus and stomach); E. epipodium; E.M., mid-oesophagus; 
E.P.L., left oesophageal pouch; E.P.R., right oesophageal pouch; F.T., 
foot; I-1 through 5, 5 regions of the intestine; M., mantle; P.E.I, 
postoesophagus region; R.D.1 and 2, right ducts of digestive 
diverticulum; R.S.M., right shell muscle; S.G., salivary gland; S.S., 
style sac; ST., stomach; and V., ventricle (Campbell, 1965). 
 
The crop/stomach region is the primary site of abalone extracellular enzymatic 
digestion and a range of hydrolytic enzymes, including alginate lyases, laminarinases, 
agarases, carrageenases and proteases, have been detected in abalone digestive gland 
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Edwards and Condon, 2001).  Abalone have been shown to secrete these hydrolytic 
enzymes into the lumen of the gut and the expression of these enzymes is influenced 
by the make-up of their diet (Erasmus et al., 1997; Garcia-Esquivel and Felbeck, 
2006).  The digestive diverticulum, also known as the hepatopancreas or digestive 
gland, is the primary organ involved in the storage and secretion of digestive enzymes 
(Campbell, 1965; Bevelander, 1988; Picos-García et al., 2000; Garcia-Esquivel and 
Felbeck, 2006).  This very large gland is comprised of two secretory cell-types, α-duct 
and β-crypt cells, which secrete digestive enzymes into ducts leading to the stomach, 
via the caecum, and postoesophagus (Campbell, 1965; Bevelander, 1988). 
 
The long and highly convoluted intestinal tract is the main site of nutrient absorption 
and is divided up into five distinct regions; each specialized for the organization of 
fecal matter (Campbell, 1965).  The intestine ends in the rectum from which the 
faeces are expelled in a mucous sheath.  The rectum lies between the two gills within 
the mantle. 
 
1.3.1 Abalone protein digestion 
 
Abalone are unable to synthesize 10 of the 20 L-amino acids required for protein 
production and somatic growth.  Therefore, abalone growth is dependent on the 
quantity and proportion of these essential amino acids in their diet.  As a result, 
protease enzyme activity and protein digestion within the digestive tract is a key 
factor in the efficient utilization of ingested protein sources and growth of abalone 
(Serviere-Zaragoza et al., 1997). 
 
Abalone have significant levels of digestive proteolytic activity due to the production 
of a range of proteolytic digestive enzymes, including trypsins, chymotrypsins, non-
specific proteases and aminopeptidases (Edwards and Condon, 2001; Garcia-Carreño 
et al., 2003).  Proteolytic enzyme activity was detected throughout the digestive tract, 
including the digestive gland, crop/stomach, and intestinal regions and rectal fluids, of 
juvenile and adult Haliotis fulgens (Serviere-Zaragoza et al., 1997; Hernández-
Santoyo et al., 1998; Picos-García et al., 2000).  The optimal pH range for protease 
activity within H. fulgens digestive gland and crop/stomach samples was within the 
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intestinal and rectal extracts were within the alkaline range of 7-11 (Serviere-
Zaragoza et al., 1997).  This is in agreement with studies that showed the optimal pH 
for proteolytic, amylolytic and lipolytic digestive enzymes varied between the 
digestive tract regions of Haliotis rufescens (McLean, 1970).  These investigations 
suggest that several different protease enzymes, with different pH optimal reaction 
conditions, are produced within the various regions of the digestive tract by abalone in 
response to the composition of their feed at that point in time. 
 
1.4 Commercial abalone fishery 
 
Abalone have been harvested from the sea for food since ancient times (Bevelander, 
1988).  There is documented evidence of a traditional Japanese abalone fishery, 
involving divers harvesting wild stocks of abalone, dating back to around 30 A.D. 
(Miyamoto, 1962 (in Hahn, 1989b)).  Globally, there are approximately 15 species of 
abalone that are commercially exploited, and the main abalone producers are Mexico, 
United States (California), Australia, New Zealand, South Africa and Japan 
(Bevelander, 1988).  Abalone are a highly prized and sought-after seafood delicacy, 
particularly in the Far East where abalone products are used in traditional cuisine and 
ceremonies (Britz, 1995).  The high demand for abalone, together with disease 
outbreaks amongst wild populations and illegal poaching, has placed strain on the 
natural abalone populations (Hauck and Sweijd, 1999).  
 
The South African abalone fishery began in Gansbaai in 1949 and was based on the 
collection of subtidal stocks of H. midae.  However, the natural abalone resources 
along the South African coastline have been put under tremendous pressure due to 
over-fishing and abalone poaching (Bevelander, 1988; Sales and Britz, 2001).  The 
abalone poaching fishery has always been a factor in the management of the natural 
South African abalone stocks, but since the mid-1990s there has been a significant 
increase in the levels of abalone poaching.  Despite attempts to control poaching, this 
activity has spiraled out of control and has resulted in the almost complete collapse of 
the wild abalone populations along the South African coastline.  As a result of the 
continued decline in the natural abalone population, the authorities closed the 










CHAPTER 1:   General introduction   
 
9
avail and as a result of continued poaching, and in a final attempt to save the wild 
abalone stocks, the South African commercial abalone fishery was closed in 2007.  
 
With the world-wide supply of abalone by commercial abalone fisheries continuing to 
decline and the high demand and price for abalone, the only feasible option for 
meeting the world’s abalone requirement is aquaculture-based cultivation of abalone 
species for sale on the international market (Britz, 1990).  
 
1.5 Global abalone aquaculture industry 
 
Aquaculture is the systematic cultivation of aquatic organisms including finfish, 
crustaceans, molluscs, and algae (FAO, 2000).  Capture fisheries and aquaculture 
supplied approximately 110 million tonnes of food fish to the world in 2006, 
providing roughly 16.7 kg (live weight equivalent) per capita (FAO, 2009).  Of the 
110 million tonnes, 47% was produced by inland fresh water and marine aquaculture 
(FAO, 2009).  Despite the fact that the majority of aquaculture production is 
freshwater finfish, crustaceans and molluscs, aquaculture of marine organisms, or 
mariculture, contributed 36.5% of the production and 35.7% of the total value of the 
global aquaculture industry in 2002 (FAO, 2004).  Aquaculture is the fastest 
developing food production sector with a global production of 51.7 million tonnes 
(47% of the world’s fish food supply) recorded in 2006 which represented an increase 
in production of 11.2% from 2004 and 21.9% from 2002 (FAO, 2009).  China 
remains the largest global fisheries producer, with reported production figures of 17.1 
and 34.4 million tonnes from capture fisheries and aquaculture, respectively, in 2006.  
The worldwide aquaculture production sector has become an important activity and 
economic contributor.  Worldwide aquaculture has grown at an average rate of nearly 
7% per annum since the early 1950s, when production was reported to be less than 
1 million tonnes, to approximately 51.7 million tonnes, providing 40% of the world’s 
aquatic harvest (including capture fisheries), with a value of US$78 billion in 2006 
(FAO, 2007; FAO, 2009).  World aquaculture production is over-shadowed by the 
Asia-Pacific region, which provides 89% of production in terms of quantity and 77% 
in terms of value to the global aquaculture industry.  The Asia-Pacific region is in turn 
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global aquaculture industry.  Despite 40 years of research and development, 
aquaculture production in Africa has produced relatively little by comparison to the 
rest of the world and increased by only 12.7% in the period between 1970 and 2006, 
and presently represents a contribution of 1.5% of production and 1.8% of value to the 
global aquaculture industry (Brummett et al., 2008; FAO, 2009).  Despite the 
desperate need for food security and economic growth of the continent, the further 
development of aquaculture in Africa has been largely impeded by ineffective 
governance and management, political instability and a lack of foreign investment and 
technology (Brummett et al., 2008).  The most important species cultured in Africa 
are the Nile tilapia and sharptooth catfish.  African aquaculture is led by Nigeria with 
an annual production of approximately 85,000 tonnes of freshwater finfish species, 
while Black Tiger Shrimp (Penaeus monodon) and abalone (H. midae) are being 
successfully cultured in Madagascar and South Africa, respectively (FAO, 2009).  
 
Aquaculture of molluscan species comprises 65% of the annual global molluscan 
harvest, and is worth approximately US$11 billion per annum.  Aquaculture 
production of molluscs accounts for 27% of the total aquaculture produce (more than 
50 million tones) and 15% of the total value of global annual aquaculture production 
(FAO, 2009).  However, of all the molluscan species, only gastropods and bivalves 
(mussels, oysters, scallops and clams) are extensively and intensively cultured world-
wide within the aquaculture industry (Landau, 1991).  Abalone are the most 
commercially important gastropod in the aquaculture industry, fetching prices of 
approximately US$34 - US$36 per kg for small cocktail sized (approximately 50 mm 
shell length) animals (Landau, 1991; Mai, 1998; Stanford, 2004).  World-wide 
production of aquacultured abalone has increased dramatically in recent years, with 
8,600 metric tonnes of farmed abalone being harvested in 2002 (Gordon and Cook, 
2004). 
 
The initial stages in the development of the world-wide abalone aquaculture industry 
began when Japanese scientists began investigating controlled spawning of 
Haliotis gigantea and Haliotis discus hannai (as reviewed in Hahn, 1989b).  In the 
modern abalone aquaculture industry, the animals are either cultured onshore (in tanks 
or raceways; Fig. 1.4) or offshore (in a container, such as a cage, or ranched in the 
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land and through the tanks, it does enable the farmer to control aspects of the 
environmental conditions (temperature, dissolved oxygen and photoperiod) in order to 




Figure 1.4 A typical South African raceway based abalone aquaculture farm (a), 
depicting the grow-out phase.  The abalone are kept on solid plastic 
supports within plastic mesh baskets suspended in raceways that are 
aerated and supplied with sea water.  The animals are fed (b) a diet of 
freshly harvested kelp (Ecklonia maxima) and/or a high-protein 
artificial feed (http://www.abfeed.com/mari-about.htm). 
 
1.5.1 Abalone aquaculture in South Africa 
 
Although a South African abalone fishery has existed since 1949, the local abalone 
aquaculture industry only became commercially viable once H. midae was 
successfully spawned in captivity in 1981 (Genade et al., 1985; Genade et al., 1988).  
The decline in the natural stocks of abalone due to over fishing and poaching, together 
with a high demand and favourable foreign exchange rates, has resulted in the South 
African abalone aquaculture industry being the only viable solution to meet the 
demand for H. midae on the international market (Sales and Britz, 2001).  
 
The South African abalone aquaculture industry has grown to be the largest abalone 
producer outside Asia (FAO, 2004).  At present there are approximately 22 land-
based abalone aquaculture farms in South Africa, with at least 14 farms at a 
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ten Doeschate and Coyne, 2008).  The abalone aquaculture facilities are distributed 
along the South African coastline, from Port Nolloth on the West coast to East 
London on the East coast, with the majority of the farms located in the vicinity of 
Hermanus in the Western Cape (Troell et al., 2006) (Fig. 1.5).  Most of the abalone 
aquaculture facilities in South Africa have a production structure comprised of three 
separate phases, (i) hatchery producing spat (<8 mm); (ii) intermediate nursery phase 
(8 - 26 mm); (iii) and the final growout phase to cocktail market size (50 - 80 mm).  
When the animals reach cocktail size, they are harvested and exported to the Far East 
markets, either as a live product or canned or frozen (Vosloo and Vosloo, 2006). 
 
 
Figure 1.5 The distribution of abalone aquaculture farms along the South African 
coastline (Troell et al., 2006). 
 
1.6 Challenges associated with the abalone aquaculture industry 
 
As with many other intensive agricultural practices, stressful conditions such as 
deterioration of environmental conditions and water quality, and disease outbreaks 
pose some of the major challenges facing the aquaculture industry as a whole 
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These problems are exacerbated by the nature of intensive agriculture, with large 
numbers of animals confined in a small area in order to maximize production.  
However, high stocking densities can have a negative impact on the growth and health 
of cultured species.  Mgaya and Mercer (1995) showed that the growth rate of 
juvenile European abalone, Haliotis tuberculata, decreased as the stocking density 
increased.  Similar results were obtained in studies of other aquacultured marine 
species, including shrimp (Allan and Maguire, 1992), clams (Hadley and Manzi, 
1984), scallops (Parsons and Dadswell, 1992) and oysters (Holliday et al., 1993).  
 
Another major constraint on the abalone aquaculture industry is the relatively slow 
growth rate (14-40 mm year
-1
) of these commercially important animals (Britz, 1995).  
Although the growth rate of abalone within abalone aquaculture facilities is faster 
than that of wild abalone (Cook, 1990), improving the growth rate of cultured abalone 
will result in significant increases in revenue for abalone farmers and investors.  
Interest in improving the growth rate of cultured abalone has led to species-specific 
optimization of culture conditions through increasing water temperatures and 
optimizing feed conversion (Cook, 1990; Britz and Hecht, 1997; Harris et al., 1998b).  
Artificial formulation feeds have also been developed and shown to increase abalone 
growth rates (Fleming et al., 1996) which has also positively impacted the industry.  
The major advantages of these artificial diets are that the feed can be manipulated to 
optimize nutritional value for different abalone species and culture conditions, the 
feeds are readily available from commercial suppliers and can be stored for long 
periods of time.  Dry, pelleted, artificial formulation abalone feeds are being 
successfully used in Japan, China, Australia, New Zealand and South Africa 
(Bautista-Teruel and Millamena, 1999). 
 
In South Africa, research into the development of a specific artificially formulated 
feed for the culture of H. midae began in 1989 at Rhodes University (Shipton, 1999).  
There are currently two locally manufactured formulated feeds, ABFEED
®
 (Marifeed 
(Pty.) Ltd., Hermanus, South Africa) and Midae Meal
™
 (Taurus Products, (Pty) Ltd.) 
available to South African abalone aquaculture facilities, although international 
formulation feeds have been investigated for use in the culture of H. midae 
(Troell et al., 2006).  ABFEED
®
 S34 is a high-protein artificial feed, containing 
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and minerals (Table 1.1).  This feed was developed specifically for the cultivation of 
the South African abalone H. midae.  A lower protein (approximately 26% protein 
content) alternative, ABFEED
®
 K26, has been developed for larger cultured abalone 
(>50 mm shell length) (Troell et al., 2006) and contains a small amount of dried kelp 
(E. maxima) as an attractant.  Midae Meal™ is an all-seaweed based dried 
formulation feed that contains a mixture of dried seaweed species, including 
Laminaria spp., E. maxima, Gracilaris spp., Gelidium spp. and Porphyra capensis 
(Troell et al., 2006). 
 
Table 1.1 Proximate analysis of the artificial formulation feed - ABFEED
®
 S34  





Protein 33 - 35 
Carbohydrates 53 
Fat 1.2 
Crude fibre 0.9 
Ash 5.0 
Moisture approx. 10.0 
Vitamin and mineral mix Unknown 
 
An alternative approach to increasing the growth rate of abalone is through selective 
breeding programmes, where fast growing individuals are identified and hybridized to 
potentially produce faster growing offspring.  This approach relies on the 
identification of suitable genetic markers, such as microsatellite loci, that will enable 
researchers to identify the genetic characteristics of faster growing individuals.  
Abalone species have been shown to be relatively easily hybridized and future 
investigations should focus on the development of hybrids that have other improved 
qualities, besides increased growth rates (Leighton and Lewis, 1982; Hahn, 1989a). 
 
Disease outbreaks as a result of pathogenic bacteria, fungi and viruses, are becoming 
increasingly common within aquaculture facilities, and are seen as one of the major 
limitations affecting the successful development of the industry (Verschuere et al., 
2000).  In response to disease problems, aquaculture farmers have routinely made use 
of broad-spectrum antibiotics to control the proliferation of potentially pathogenic 
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(Gram et al., 1999; Van den Bogaard and Stobberingh, 2000; Gullian et al., 2004).  
However, the wide-spread use of antibiotics in terrestrial agriculture and aquaculture 
has resulted in the emergence of antibiotic-resistant bacteria within these 
environments (Schwarz et al., 2001; Akinbowale et al., 2006).  The emergence of 
antibiotic-resistant pathogenic bacteria has resulted in massive production collapses 
within the Asian shrimp aquaculture industry (Karunasagar et al., 1994).  Shrimp 
production in the Philippines dropped by 55% between 1995 and 1997 as a result of 
disease problems, and an industry that was worth US$760 million is now only worth 
US$240 million (FAO, 2007).  The annual global loss in revenue as a result of disease 
in the shrimp aquaculture industry is estimated at US$3 billion (Farzanfar, 2006). 
 
Disease outbreaks as a result of bacterial and viral infections have also had a negative 
impact on the abalone aquaculture industry.  Several Vibrio species have been 
identified as the causative agent in many outbreaks.  A pathogenic 
Vibrio alginolyticus strain was isolated from moribund juvenile Red abalone 
H. rufescens (Elston and Lockwood, 1983), whilst a pathogenic V. alginolyticus strain 
was responsible for large-scale mortalities of the Taiwanese small abalone 
H. diversicolor supratexta (Liu et al., 2001).  Vibrio carchariae was identified as the 
cause of mortalities of H. tuberculata (Nicolas et al., 2002) and Haliotis (Sulculus) 
diversicolor supratexta (Nishimori et al., 1998).  In 2006 viral infections by a herpes-
like virus was identified as the likely cause of mass mortalities of cultured and wild 
abalone populations that have almost completely destroyed the Australian abalone 
industry (Gavine et al., 2009).  
 
The prophylactic use of probiotic bacteria is becoming widely accepted as an 
alternative to the use of antibiotic treatments, in an attempt to improve the health, 
disease resistance and growth of various aquacultured species (Austin et al., 1995; 
Balcázar et al., 2006; Gatesoupe 1999; Kesarcodi-Watson et al., 2008; Verschuere et 
al., 2000). 
 
1.7 Probiotics for aquaculture 
 
The original concept of probiotic microorganisms was probably formed in the early 
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products could improve human health by modifying the gut microbiota (Metchnikoff, 
1907 as reviewed by Gatesoupe, 1999 and Zhou et al., 2009).  Today, there is a lot of 
interest in probiotics and the health benefits associated with regular consumption of 
probiotic strains (Lee and Salminen, 1995; Guarner and Schaafsma, 1998), although 
the actual mode of probiotic action has not been conclusively elucidated (Holzapfel et 
al., 1998).  Probiotics are investigated and used for improved health, better digestion 
and utilization of feed, improved disease resistance and immunity, increased 
production and enhanced growth in the animal production sector of terrestrial 
agriculture (Fuller, 1992; Burr and Gatlin, 2005). 
 
Fuller (1989) initially defined pobiotics as “a live microbial feed supplement which 
beneficially affects the host animal by improving its intestinal balance” 
(Kesarcodi-Watson et al., 2008).  However, as a result of the aquatic environment and 
its constant contact with aquatic animals, host-microbe interactions are not limited to 
the fairly stable environment of the gastrointestinal tract, as they are in the case of 
humans and terrestrial animals.  The majority of the microbes associated with and 
within aquatic animal species are only transiently present (Fig. 1.6) (Moriarty, 1990).  
As a result, any changes in environmental conditions such as temperature or salinity 
can result in a significant shift in the microbial community associated with aquatic 
animals (Hamid et al., 1978; Sakata et al., 1980; Lésel, 1990; Ringø and Strøm, 
1994).  A broader and more appropriate definition of probiotics within the context of 
aquaculture was made by Verschuere et al. (2000) who defined a probiotic as “a live 
microbial adjunct which has a beneficial effect on the host by modifying the host-
associated or ambient microbial community, by ensuring improved use of the feed or 
enhancing its nutritional value, by enhancing the host response towards disease, or by 
improving the quality of its ambient environment.”  Irianto and Austin (2002a) 
comment that, “a probiotic is an entire or component(s) of a microorganism that is 
beneficial to the health of the host”.  Perhaps these definitions need to be combined in 
the case of probiotics within aquaculture environments.  Thus, a probiotic for 
aquaculture may be defined as an entire or component(s) of a microorganism added, 
or fed, to aquacultured host species, or the culture environment, that has a beneficial 
effect on the host organism by modifying the host-associated or ambient microbial 
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by enhancing the host response towards disease, or by improving the quality of its 
ambient environment. 
 
1.7.1 Modes of action of probiotics for aquaculture 
 
There are many studies on probiotic microorganisms for the aquatic environment that 
have demonstrated a particular effect, following probiotic treatment of cultured 
aquatic species (summarized in Table 1.2; Kesarcodi-Watson et al., 2008).  Most of 
the early research conducted on probiotics for use in aquaculture, and the suitability of 
selected strains for use in aquaculture environments, was not the result of in-depth 
investigations into the exact mode of action of putative probionts.  However, in order 
to investigate and identify the possible mechanism of action of a particular probiotic 
isolate for use in the aquaculture industry, it is important to understand the many 
functions that these microorganisms can perform within the aquatic environment. 
 
Enteric bacteria, and therefore enteric probiotic bacterial strains, may perform many 
roles within the digestive tract of their aquatic invertebrate hosts, as reviewed in 
Harris (1993) and summarized in Figure 1.6.  Enteric bacterial species enter the 
digestive tract of the host organism through associations with the host’s food source, 
or they are present within the aquatic environment and enter the host through the 
water (Fig. 1.6).  Ingested bacteria may be lysed and absorbed as an additional food 
source, or lysed and consequently release enzymes that contribute to the host’s pool of 
digestive enzymes.  Herry et al. (1989) showed that the clam, Loripes lucinalis, was 
capable of lysing and digesting bacterial cells.  Proteins originating from the abalone 
probiont Pseudoalteromonas sp. strain C4 were found to be incorporated into the 
tissues (gills, foot muscle, adductor muscle, intestine and hepatopancreas) of H. midae 
fed a kelp-based diet supplemented with the probiotic strain C4 (ten Doeschate, 
2005).  Ingested bacteria may also transiently pass through the host’s digestive tract, 
and in so doing may contribute to the digestion processes of the host animal through 
the secretion of hydrolytic enzymes.  Studies have indicated that bacteria may be 
involved in shrimp nutrition through their ability to produce extracellular enzymes, 
such as proteases, carbohydrolases and lipases, as well as providing essential growth 
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Table 1.2 Summary of some of the research conducted to date towards the development of probiotics for finfish, crustacean and molluscan 
aquaculture industries [Table adapted from Kesarcodi-Watson et al. (2008)]. 
 








Pseudomonas fluorescens AH2 Bath for 6 days; V. anguillarum challenge In vitro and 
in vivo 
Gram et al. (1999) 
Rainbow trout  
(O. mykiss Walbaum) 
Vibrio fluvialis Dietary supplementation In vitro and 
in vivo 
Irianto and Austin 
(2002b) 
Rainbow trout  
(O. mykiss Walbaum) 
Lactobacillus rhamnosus  
(ATCC 53103) 
Dietary supplementation; enhanced specific and 
innate immune parameters 
In vivo Nikoskelainen et al. 
(2003) 
Atlantic salmon 
(Salmo salar L.) 
Vibrio alginolyticus Bath for 10 min; Improved survival when 
challenged with pathogens Aeromonas 
salmonicida, V. anguillarum, and Vibrio ordalii 
In vivo Austin et al. (1995) 
Rainbow trout and  
Atlantic salmon 
Carnobacterium sp. strain K1 Dietary supplementation; Improved disease 
resistance 
In vivo Robertson et al. 
(2000) 
Turbot larvae  
(Scophthalmus maximus) 
Three lactic acid bacterial strains Added to culture of rotifer (Brachionus plicatilis) 
live feed 
In vivo Gatesoupe (1991) 
Turbot larvae 
(S. maximus) 
Vibrio proteolyticus  Dietary supplementation; Enhanced protein 
digestion 
In vivo De Schrijver and 
Ollevier (2000) 
Sea bass larvae 
(Dicentrarchus labrax) 
Debaryomyces hansenii HF1 and 
Saccharomyces cerevisae 
Dietary supplementation; Improved digestion 
efficiency and survival 
In vivo Tovar et al. (2002) 
Sea bream larvae 
(Sparus aurata) 
Cytophaga sp., Roseobacter sp., 
Ruergeria sp., Paracoccus sp., 
Aeromonas sp., and Shewanella 
sp. 
Natural larval survival study In vivo Makridis et al. 
(2005) 
Common carp  
(Cyprinus carpio) 
Photosynthetic bacterial strain 
and Bacillus sp. 
Dietary supplementation; Improved growth, 
digestive enzyme activities and feed conversion 
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Table 1.2 (Continued) 
 
Animals tested Probiotic strain(s) Test method and effect In vitro or  
in vivo  
Reference
 
Finfish (Continued)     
Common carp 
(C. carpio) 
Bacillus sp. Added to water; Reduction in pathogen 
(Aeromonas hydrophila) load, and improvement 
in water quality 
In vitro and 
in vivo 
Lalloo et al. (2007)
 
Poecilia reticulata (Peters), 
P. sphenops (Valenciennes), 
Xiphophorus helleri (Heckel) 
and X. maculates (Gunther) 
Bacillus subtilis Dietary supplementation; Enhanced disease 
resistance, digestive enzyme levels, growth and 
reproductive performance 
In vivo Ghosh et al. (2007a 
and b) 
Nile tilapia  
(Oreochromis niloticus) 
Micrococcus luteus Dietary supplementation; Enhanced growth 
performance and fish-resistance against 
A. hydrophila infection. 
In vitro and 
in vivo 
Abd El-Rhman et 
al. (2009) 
     
Crustacean     
Black tiger shrimp (Penaeus 
monodon) 
Bacillus S11 Improvement in growth and survival when 
challenged with Vibrio harveyi 
In vivo Rengpipat et al. 
(1998) and (2003) 
P. monodon Bacillus subtilis BT23 Reduced mortality following challenge with 
V. harveyi 




Penaeus vannamei larvae  Growth improvement and decreased incidence 
and severity of disease 
In vivo Garriques and 
Arevalo (1995) 
Penaeus vannamei juveniles Commercial product 
(S. cerevisiae, S. exiguous and 
Phaffia rhodozoma) 
Dietary supplementation; Improved vibriosis 
resistance 
In vivo Scholz et al. (1999)
 
Penaeus chinesis post-larvae Arthrobacter sp. strain XE-7 Added to culture water; Improved water quality 
and survival following challenge with 
pathogenic vibrios (Vibrio parahaemolyticus, 
V. nereis and Vibrio anguillarum) 
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Table 1.2 (Continued) 
 
Animals tested Probiotic strain(s) Test method and effect In vitro or  
in vivo  
Reference
 
Crustacean (Continued)     
Indian white shrimp 
(Fenneropenaeus indicus) 
Mixture of 5 commercial Bacillus 
probiotic strains 
Improved digestion efficiency, survival and 
growth 
In vivo Ziaei-Nejad et al. 
(2006) 
Pacific White shrimp 
(Litopenaeus vannamei) 
V. alginolyticus UTM102, B. 
subtilis UTM126, Roseobacter 
gallaeciensis SLV03 and 
Pseudomonas aestumarina 
SLV22 
Dietary supplementation; Improved feed 
conversion and disease resistance, following 
immersion challenge with V. parahaemolyticus 
In vitro and 
in vivo 
Balcázar et al. 
(2007) 
L. vannamei Bacillus OJ Dietary supplementation; Enhanced survival 
and increased immune parameters 
In vivo Li et al. (2009) 
Western king prawn juveniles 
(Penaeus latisulcatus) 
Pseudomonas synxantha and 
Pseudomonas aeruginosa 
Dietary supplementation; Enhanced survival In vivo Hai and Fotedar 
(2009) 
     
Mollusc     
Pacific oyster larvae  
(Crassostrea gigas) 
Alteromonas sp. strain CA2 Growth and natural survival experiment In vivo Douillet and 
Langdon (1994) 
Pacific oyster larvae  
(C. gigas) 
Aeromonas media Aeromonas spp.; Vibrio spp.; Photobacterium 
damsella; Yersinia rucheri; and Vibrio tubiashii 
In vitro and 
in vivo 
Gibson et al. (1998) 
Cortés oyster  
(Crassostrea corteziensis) 
Lactobacillus strain NS6.1 Growth, survival and SOD measurement 
experiment; Improved growth 




Pseudoalteromonas sp. strain C4 Dietary supplementation; Enhanced growth rate In vivo  
(field trials) 





V. midae SY9, D. hansenii AY1 
and Cryptococcus sp. strain SS1 
Dietary supplementation; Improved growth rate 
and disease response 
In vivo  
(field trials) 
Macey and Coyne 
(2005)
 
Chilean scallop  
(Argopecten purpuratus) 
Vibrio sp. Enhanced survival following V. anguillarum 
challenge 
In vitro and 
in vivo 
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Abalone enteric bacteria have also been shown to secrete hydrolytic extracellular 
enzymes into the lumen of the digestive tract, which may in turn assist the abalone 
with digestion of complex food sources (Erasmus et al., 1997; Sawabe et al., 1998 
and 2004a).  In fact, almost all of the bacteria isolated from the digestive tract of 
H. discus hannai were shown to be capable of hydrolysing alginate (Sawabe et 
al., 1995).  The relative abundance of bacteria secreting extracellular hydrolytic 
enzymes may indicate a commensal or symbiotic relationship between these enteric 
microorganisms and their abalone host (Tanaka et al., 2003).  Therefore, 
supplementing the diet of cultured abalone species with probiotic bacteria able to 
secrete extracellular hydrolytic enzymes, may result in increased growth rates by 
improving the digestion efficiency of the abalone host through pre-digestion of the 
feed or enzymatic contribution to digestion (Macey and Coyne, 2005; ten Doeschate 
and Coyne, 2008).  
 
The proposed modes of action of probiotic microorganisms within an aquaculture 
environment can be summarized as one or more of the following: (i) production of 
inhibitory compounds; (ii) competitive exclusion of pathogenic microorganisms by 
competition for chemicals, available energy sources and/or adhesion sites; (iii) 
enhancing the immune response of the host; (iv) improvement of water quality; (v) 
interaction with phytoplankton; (vi) as a source of nutrients; and (vii) enzymatic 
contribution to digestion (Verschuere et al., 2000; Balcázar et al., 2006).   
 
To date, the exact modes of action of probiotic microorganisms have not been 
completely elucidated (Junfeng et al., 2008) and the ongoing development of 
probiotic technologies for aquaculture species in general, needs to be tempered with 
continued investigations into the precise mode of action of these probiotic 
microorganisms.  A better understanding of how these microorganisms influence the 
host to induce improved health, disease resistance and growth will not only facilitate 
improved probiotic strain isolations, but will also assist with the development of 
strategies for the optimal use of probiotics within aquaculture facilities to improve 
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1.7.2 Probiotics used in the aquaculture industry 
 
The probiotic microorganisms that have been investigated for use in the aquaculture 
industry have included Gram-negative and Gram-positive bacteria, bacteriophages, 
yeast and unicellular algae (Table 1.2) (Irianto and Austin, 2002).  Gram-negative, 
facultative-anaerobic bacteria, such as Vibrio species, dominate the gut microbiota of 
finfish and shellfish (Prieur et al., 1990; Sakata, 1990; Gatesoupe, 1999).  Therefore, 
it is not surprising that some of the probiotic isolates that have been shown to be 
effective within aquaculture also belong to the Vibrio genus, including 
V. alginolyticus (Austin et al., 1995) and Vibrio midae SY9 (Macey and Coyne, 
2005).  Gram-positive spore forming Bacillus ssp. have also been identified as 
effective probiotics for the aquaculture industry (Gullian et al., 2004) and have been 
incorporated into commercial probiotic products that have been successful in 
improving shrimp production levels (Moriarty, 1998; Rengpipat et al., 1998; 
Rengpipat et al., 2003; Decamp and Moriaty, 2006; Balcázar et al., 2007).  Yeast 
strains, such as Debaryomyces hansenii HF1 (Tovar et al., 2002) and 
Debaryomyces hansenii AY1 (Macey and Coyne, 2005) have also been proposed and 
utilized as probiotics for aquaculture species. 
 
1.7.2.1 Probiotics for finfish aquaculture 
 
Probiotics have been shown to be effective in all stages of finfish aquaculture, by 
improving growth and/or disease resistance of cultured species (Austin et al., 1995; 
Gram et al., 1999; Naik et al., 1999; Robertson et al., 2000; Spanggaard et al., 2001; 
Hjelm et al., 2004; Yanbo and Zirong, 2005; Ghosh et al., 2007a) (summarized in 
Table 1.2).  Gram et al. (1999) showed that Pseudomonas fluorescens AH2 inhibited 
the growth of a fish pathogenic strain of Vibrio anguilarum in an in vitro system.  The 
survival of rainbow trout (Oncorynchus mykiss Walbaum) was significantly improved 
(46%) when challenged with a virulent V. anguilarum strain after pre-treatment of the 
culture water with P. fluorescens AH2 for five days.  Dietary supplementation of 
rainbow trout with the probiotic Kocuria SM1 stimulated the immune parameters and 
improved disease protection in comparison to fish fed a basal diet (Sharifuzzaman and 
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(Clarias gariepinus, Burchell 1822) with Lactobacillus acidophilus significantly 
improved growth, haemotology and immunological parameters in comparison with 
fish fed a control basal diet (Al-Dohail et al., 2009).  A previously isolated shrimp 
probiotic strain, V. alginolyticus, was also shown to reduce the mortalities of Atlantic 
salmon (Salmo salar L.) challenged with the pathogens Aeromonas salmonicida, 
V. anguillarum, and Vibrio ordalii (Austin et al., 1995).  
 
Probiotics may supply a direct nutritional benefit to the host through vitamin 
production, provision of essential minerals and trace elements, and secretion of 
additional digestive enzymes (Holzapfel et al., 1998).  Improved growth of probiotic 
finfish may be as a result of enhanced feed conversion efficiencies and better feed 
utilization (Ghosh et al., 2007a).  In so doing the probiotic may also improve the 
health and reproductive performance of the host fish (Ghosh et al., 2007b).  Dietary 
supplementation of Bacillus subtilis can lead to activation of the cellular and humoral 
immune responses of the host (Salinas et al., 2005), resulting in enhanced disease 
resistance and survival when challenged with bacterial pathogens such as 
Aeromonas hydrophila (Ghosh et al., 2007a).  Similarly, dietary supplementation with 
the yeast D. hansenii HF1 enhanced digestive enzyme activity and survival of sea 
bass larvae, Dicentrarchus labrax (Tovar et al., 2002).  De Schrijver and Ollevier 
(2000) also showed that feeding the probiotic Vibrio proteolyticus to turbot larvae, 
Scophthalmus maximus, enhanced protein digestion. 
 
1.7.2.2 Probiotics for shrimp aquaculture 
 
Probiotic microorganisms, especially Bacillus spp., have been shown to be effective 
within the shrimp aquaculture industry in larviculture (Guo et al., 2009), controlling 
disease (Rengpipat et al., 1998; Rengpipat et al., 2003; Balcázar et al., 2007), 
increasing growth (Rengpipat et al., 2003), enhancing the health of the shrimp 
(Gullian et al., 2004; Tseng et al., 2009), and improving the quality of water and 
sediments in shrimp ponds (Moriarty, 1998) (summarized in Table 1.2).  Gullian et al. 
(2004) isolated two probiotic strains, Bacillus P64 and Vibrio P62, from the 
hepatopancreas of healthy wild Penaeus vannamei shrimp.  The probiotic strains were 
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hepatopancreas by pathogenic Vibrio harveyi.  A significant growth advantage was 
also observed in the shrimp receiving the probiotic treatment.  Although the authors 
acknowledge that probiotic microorganisms may increase a host’s growth by 
improved digestion and synthesis of critical compounds, in this instance Bacillus P64 
and Vibrio P62 are believed to have excluded microbial pathogens that hindered the 
growth of the shrimp in the control groups.  In another study, the addition of selected 
Bacillus species to shrimp pond water displaced pathogenic luminous Vibrio species 
present in the water through competitive exclusion and improved the water quality 
and productivity of the culture ponds (Moriarty, 1998).  Furthermore, probiotic 
treatment with the terrestrial lactic acid bacterium Pediococcus acidilactici (strain 
MA18/5M, CNCM) has been shown to effectively reduce the susceptibility of 
Litopenaeus stylirostris to the bacterial pathogen Vibrio nigripulchritudo (Castex et 
al., 2008; Castex et al., 2009). 
 
1.7.2.3 Probiotics for molluscan aquaculture 
 
While most of the initial aquaculture-related scientific research aimed at the isolation 
and development of probiotics has focused on the finfish and crustacean sectors of 
this industry, there have also been successful probiotics developed specifically for 
cultivated molluscan species (Douillet and Langdon, 1994; Riquelme et al., 1997; 
Macey and Coyne, 2005; ten Doeschate and Coyne, 2008; Campa-Córdova et al., 
2009) (Summarized in Table 1.2).  Most of the research has focused on probiotics for 
bivalve molluscs (Kesarcodi-Watson et al., 2008), and has included work on the 
Pacific oyster, Crassostrea gigas; Cortés oyster, Crassostrea corteziensis; the scallop, 
Pecten maximus; Chilean scallop, Argopecten purpuratus; and the Manila clam, 
Ruditapes philippinarum (Table 1.2).  A recent publication has also investigated the 
isolation of effective probiotics for use in the larviculture of Greenshell™ mussels, 
Perna canaliculus (Kesarcodi-Watson et al., 2009).  
 
There have been several recent publications on the development of probiotics 
specifically for the abalone aquaculture industry (Macey and Coyne, 2005; Macey and 
Coyne, 2006; ten Doeschate and Coyne, 2008; Iehata et al., 2009).  A significant 
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in abalone receiving probiotically supplemented diets (Macey and Coyne, 2005; ten 
Doeschate and Coyne, 2008).  Maximising the growth rate of abalone is critical to the 
successful commercial abalone aquaculture industry (Capinpin et al., 1999) and 
several other studies have also shown that bacterial isolates can improve the growth 
performance of numerous marine organisms (Douillet and Langdon, 1994; Ringø et 
al., 1996; Riquelme et al., 1997; Jory, 1998; Rengpipat et al., 1998; Douillet, 2000a; 
Douillet, 2000b; Olafsen, 2001; Tovar et al., 2002; Rengpipat et al., 2003; Ziaei-
Nejad et al., 2006; Al-Dohail et al., 2009; Merrifield et al., 2009; Sáenz de 
Rodrigáñez et al., 2009). 
 
The marine bacterium Pseudoalteromonas sp. strain C4, isolated from the crop of the 
South African abalone H. midae (Erasmus, 1996; Erasmus et al., 1997), secretes high 
levels of extracellular alginate lyase (ten Doeschate, 2005).  Inclusion of strain C4 
into an H. midae kelp-based diet increased the growth rate of the abalone by 38%, and 
resulted in significantly higher alginate lyase activity within the crop and stomach 
regions, compared to animals fed a basal kelp diet.  The authors concluded that the 
increased growth rate observed in abalone receiving the Pseudoalteromonas sp. strain 
C4 supplemented diet was due to strain C4 being digested and utilized as an 
alternative protein source by the abalone, and the secreted alginate lyase enzyme 
improving the abalone host’s ability to digest kelp.  It is therefore thought that 
probiotic microorganisms can provide a source of nutrients for the host and contribute 
to the pool of digestive enzymes available to the host and thereby improve the 
digestion efficiency and growth of the host organism. 
 
1.8 Vibrio midae SY9 
 
Macey (2005) isolated the marine bacterium Vibrio midae SY9 from the digestive 
tract of H. midae (Fig. 1.7).  This strain was isolated and selected for further 
investigation on the basis of high levels of extracellular protease activity against a 
broad range of protein substrates.  In farm-based growth trials conducted on small 
(20 mm shell length) and large (67 mm shell length) abalone fed the high protein 
formulated feed ABFEED
®
 S34 supplemented with V. midae SY9 and two yeast 
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over an eight month growth trial (Macey and Coyne, 2005).  Macey and Coyne (2006) 
also showed that H. midae animals fed ABFEED
®
 S34 supplemented with 
V. midae SY9 had significantly increased levels of protease activity within the 




Figure 1.7 Vibrio midae SY9.  An electron micrograph of a single V. midae SY9 
cell (A), with a single polar flagellum (Macey, 2005).  V. midae SY9 
cultivated on a gelatine plate (B), which was stained with Amido 
black.  The clear zones show regions of gelatine hydrolysis due to 
extracellular protease activity. 
 
The increased intestinal protease activity of the animals fed V. midae SY9 was 
positively correlated with the presence of V. midae SY9.  The increased intestinal 
protease activity was shown to result in improved protein digestion and absorption in 
abalone fed the V. midae SY9 supplemented diet.  Therefore, supplementation of a 
high protein formulated feed such as ABFEED
®
 S34 with V. midae SY9, could result 
in increased growth rates of farmed H. midae as a result of improved protein digestion 
due to the presence of the bacterial probiont and its extracellular protease(s). 
 
1.9 Concluding remarks 
 
Abalone are a highly sought after seafood delicacy, commanding very high prices, 
especially in the Far Eastern markets where they are sold as a canned, frozen or live 
product.  A South African abalone species, Haliotis midae, has been the focus of the 
local commercial fishery since 1949.  However, as a result of overfishing and illegal 
poaching the wild populations of H. midae have collapsed.  The South African 
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demand for H. midae products on the international market.  Since its inception, the 
South African abalone aquaculture industry has developed rapidly and at present there 
are approximately 22 abalone aquaculture farms, with at least 14 farms at a 
commercial production level.  One of the major challenges facing the South African 
abalone aquaculture industry is the relatively slow growth rate of H. midae, as it takes 
approximately five years to reach market size.  
 
Probiotic microorganisms have been successfully used to improve the growth of 
several aquacultured organisms, including abalone (Macey and Coyne, 2005; ten 
Doeschate and Coyne, 2008).  The observed increase in growth of probiotic-
supplemented aquacultured organisms may be as a result of the probiotics being 
ingested and: (i) secreting extracellular enzymes, such as proteases, within the 
digestive tract of the host that improve the digestion efficiency of the host; 
(ii) digested by the host organism as an additional nutrient source; (iii) the probiotic 
may competitively exclude enteric microorganisms that negatively influence the 
host’s growth, and in so doing improve the host’s health and growth.  Abalone gut 
associated bacteria have been shown to secrete hydrolytic extracellular enzymes 
within the abalone digestive tract and consequently, improve the digestion efficiency 
of the host (Erasmus et al., 1997).  An abalone enteric bacterial isolate, V. midae SY9, 
secretes high levels of extracellular protease, and has been shown to significantly 
increase protein digestion and the growth rate of cultured H. midae fed an artificial 
high protein diet (Macey and Coyne, 2005).  However, molecular studies to further 
investigate and characterise the effect of nutritional probiotics, such as V. midae SY9, 
have not yet been conducted and the results that such a study may produce will enable 
a better understanding of the role played by probiotic microorganisms in conferring a 
growth advantage to their host.  
 
1.10 Aims and objectives of this study 
 
The current investigation should be viewed as an extension of the research previously 
conducted in the Marine Biotechnology Unit at the University of Cape Town, on the 
development of probiotics for the South African abalone aquaculture industry.  The 
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produced and secreted by the probiotic strain Vibrio midae SY9.  The detergent-stable 
protease gene was cloned, the protease protein purified and characterised at a 
molecular level.  V. midae SY9 detergent-stable protease mutants were constructed 
and used to investigate the role that this protease plays in conferring the observed 
probiotic effect on the growth of cultured Haliotis midae.  Polyclonal antibodies 
raised to the purified protease protein were employed to localize the V. midae SY9 
detergent-stable protease protein within the digestive tract of probiotically 
supplemented abalone.  A V. midae SY9 chromosomally tagged strain was 
constructed and used to localize V. midae SY9 within the digestive tract of 
probiotically supplemented H. midae.  In so doing, we aim to better understand the 
role of the V. midae SY9 extracellular protease VmproA in the previously observed 
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An E. coli clone displaying a proteolytic phenotype on skim milk Luria agar was 
isolated from a previously constructed and screened Vibrio midae SY9 genomic library.  
A restriction endonuclease map of the recombinant pBluescript SK cloning vector, 
pMR11, was assembled and a deletion sub-cloning strategy used to identify a region 
containing the protease gene(s) on the recombinant plasmids.  A Southern blot 
confirmed the V. midae SY9 origin of the cloned DNA fragment in the recombinant 
plasmids.  The protease gene was sequenced and analyzed.  A 1605 bp ORF, a putative 
signal sequence and an energetically favorable transcriptional terminator were 
identified, as well as, three conserved domains within the deduced 534 amino acid 
protein.  Primer extension identified the transcriptional start site of the V. midae SY9 
extracellular protease mRNA transcript.  A putative promoter region was identified 
upstream of the transcriptional start site.  Northern blot hybridization demonstrated that 
the V. midae SY9 extracellular protease is encoded by a 1.7 kb mRNA transcript.  Three 
active site amino acid residues were identified within the deduced amino acid sequence.  
These three active site residues were observed to be in the same order as those of other 
characterised subtilase serine proteases.  A BLAST search of the GENBANK database 
showed very high levels of sequence identity between the deduced amino acid sequence 
of the V. midae SY9 extracellular protease and closely related protease proteins.  The 
highest sequence identity, at an amino acid level, was 98% to a Vibrio alginolyticus 
alkaline serine exoprotease A precursor (Accession number: P16588).  Phylogenetic 
















Aquatic bacterial species of the genus Vibrio are commonly found in estuarine, coastal 
and oceanic waters and have been found associated with marine organisms, including 
fish, crustaceans and marine molluscs (as reviewed by Shieh et al., 2003).  Vibrios 
include non-pathogenic strains, as well as pathogenic strains with the ability to infect a 
broad range of host organisms.  Vibrio species are the dominant bacterial species within 
the gut microbiota of marine invertebrates (Harris, 1993; Sawabe et al., 1995; Tanaka et 
al., 2004).  They have been isolated from the digestive tract of abalone, and may play a 
role as probiotics for aquacultured abalone through contribution of extracellular 
hydrolytic enzymes to the pool of digestive enzymes available to the abalone host, 
thereby improving the digestion efficiency of the host (Sawabe et al., 1998; Sawabe et 
al., 2004b; Macey and Coyne, 2005). 
 
Proteases, proteinases and peptidases are all terms for proteolytic enzymes that 
hydrolyze peptide bonds.  Proteolytic enzymes are produced by a broad array of 
organisms, including both prokaryotes and eukaryotes (Deane, 1989).  Microbial 
protease enzymes have important functions within the marine environment.  
Intracellular proteases assist in the regulation of metabolism and a range of other 
physiological functions (Kalisz, 1988).  Secreted extracellular proteolytic enzymes are 
involved in nutrient acquisition for the bacterium through the breakdown of exogenous 
proteins to smaller peptides and amino acids that are more readily available to the 
bacterium (Kalisz, 1988; Albertson et al., 1990), or they form part of a set of factors 
involved in virulence and pathogenicity (Farto et al., 2002; Teo et al., 2003).  
Proteolytic enzymes can be broadly classified into five distinct groups on the basis of 
their catalytic mechanism of action, namely serine, threonine, cysteine, aspartic and 
metallopeptidases.   
 
Serine proteases are divided into approximately 50 families and nine clans, or 
superfamilies, of which the two largest are the (chymo)trypsin-like and subtilisin-like 
serine protease clans (Rawlings and Barrett, 1994).  Proteolytic enzymes within both of 
these serine protease clans have a distinctive catalytic triad made up of histidine, 
aspartic acid and serine amino acid residues (Siezen and Leunissen, 1997).  Over 200 
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(Siezen et al., 1991) are currently known and are all classified as endopeptidases or 
tripeptidylpeptidases (Siezen and Leunissen, 1997).  All of the subtilases classified so 
far have a catalytic domain with structurally conserved regions that correspond to 
common secondary structure elements.  The subtilases are generally secreted 
extracellular enzymes, and they have been further subdivided into six sub-families, A to 
F (Table 2.1), based on the sequence alignment of their respective catalytic domains.  
The majority of subtilases are initially synthesised as pre-pro-enzymes.  The pre-peptide 
or signal sequence facilitates the secretion of the enzyme through the cell membrane, 
before being cleaved off.  The cleavage of the pro-peptide then activates the enzyme 
and thereby, ensures that the enzyme is only catalytically active outside the cell.  
 
Table 2.1 The sub-families within the subtilase superfamily of serine proteases. 
 
Symbol Subtilase sub-family 
A Subtilisin family 
B Thermitase family 
C Proteinase K family 
D Lantibiotic peptidase family 
E Kexin family 
F Pyrolysin family 
 
Subtilases have been found to occur in Archaea (Kannan et al., 2001; Palmieri et al., 
2005), bacteria (Suzuki et al., 1997; Valbuzzi et al., 1999; Arnόrsdόttir et al., 2002), 
fungi (Abraham and Breuil, 1995), plants (Meichtry et al., 1999; Berger and Altmann, 
2000; Popovič et al., 2002) and other eukaryotes (Siezen et al., 1994; Louie and 
Conrad, 1999).  In most bacteria, subtilases are secreted, extracellular enzymes, with 
fairly non-specific substrate specificity, employed for growth on proteinaceous 
substrates.  Serine proteases have previously been reported to be an important 
component in nutrient acquisition in fungi (Segers et al., 1999) and, therefore, serine 
proteases such as subtilases may fulfil a similar role in bacteria.   
 
Protease enzymes are one of the most abundant extracellular products of the Vibrio sp. 
(Marcello et al., 1996).  Vibrio strains, such as Vibrio anguillarum, Vibrio cholerae, 
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Vibrio alginolyticus, produce a range of extracellular proteases, of which several have 
been characterised (Young and Broadbent, 1982; Deane et al., 1986; Kwon et al., 1995; 
Farto et al., 2002; Lee et al., 2003; Teo et al., 2003).  Strains of V. alginolyticus and 
V. metschnikovii have been observed to secrete extracellular SDS-resistant serine 
proteases that have high homology to subtilisin-like serine proteases (Deane et al., 
1987a; Deane et al., 1987b; Kwon et al., 1995).   
 
2.2.1 Aim of this chapter 
 
The aim of this chapter is to investigate the extracellular proteolytic enzyme activity of 
the marine bacterium Vibrio midae SY9 and in particular the major extracellular 
protease produced by V. midae SY9.  A proteolytic Escherichia coli clone harbouring a 
recombinant plasmid from a previously constructed and screened genomic library 
(Taylor, 2002) of V. midae SY9 will be characterised.  The nucleotide sequence of the 
gene encoding a V. midae SY9 extracellular protease will permit further molecular and 
bioinformatic analysis in order to characterise the extracellular protease and compare it 
to closely related enzymes that have already been investigated.  Cloning and 
characterizing the protease gene will enable genetic manipulation of the wild-type 
V. midae SY9 protease, through the construction of mutants.  These mutants will allow 
a better understanding of the role of the protease gene in the previously observed 
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2.3 Materials and methods 
 
All media and solutions used in this study are listed in Appendix A. 
 
2.3.1 Bacterial strains and plasmids 
 
The bacterial strains and plasmids that were used to clone and characterise the protease 
gene from Vibrio midae SY9 are listed in Table 2.2. 
 
2.3.2 Media and culture conditions 
 
The Escherichia coli strains were either grown in Luria-Bertani broth (LB) 
(Appendix A.1.5) or on Luria-Bertani agar (LA) (Appendix A.1.6) at 37 ºC.  E. coli 
strains that harbored pBluescript SK and KS plasmids (Table 2.2), and recombinant 
pBluescript SK and KS plasmids (Table 2.2) were cultured in LB or on LA containing 
100 µg ml
-1
 ampicillin (Appendix A.2.2).  V. midae SY9 (Table 2.2) was maintained at 
22 ºC on Marine agar (MA) (Appendix A.1.2) and cultured in Marine broth (MB) 
(Appendix A.1.1) or, the high-protein growth media, Peptone marine basal medium 
(P-MBM) (Appendix A.1.3) at 22 ºC, unless otherwise stated. 
 
2.3.3 Identification of recombinant proteolytic E. coli clones 
 
The genomic library of V. midae SY9 had previously been constructed and screened for 
proteolytic activity on LA supplemented with 2% (w/v) skim milk (Appendices A.1.8.2 
and A.1.8.3) and 100 µg ml
-1
 ampicillin (Appendix A.2.2) (Taylor, 2002).  Recombinant 
constructs displaying a proteolytic phenotype were identified by visual detection of 
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2.3.4 DNA analytical methods 
 
2.3.4.1 Restriction endonuclease analysis of pMR11 
 
The recombinant plasmid pMR11 was isolated from an E. coli JM109 (Table 2.2) clone 
displaying a proteolytic phenotype on solid skim milk growth medium.  Preliminary 
digestions with restriction endonucleases BamHI, PvuII and SmaI (Fermentas) were 
performed on pMR11 in order to calculate the size of the V. midae SY9 genomic DNA 
insert within the recombinant plasmid.  Thereafter, the recombinant plasmid was 
subjected to further restriction endonuclease mapping in order to determine the 
approximate positions of the restriction endonuclease sites within the recombinant 
plasmid.  The following restriction endonucleases were used: BamHI, BglII, EcoRI, 
EcoRV, HindIII, NotI, PstI, PvuII, SacI, ScaI, SpeI, and XbaI (Roche).  Restriction 
enzyme digestions were conducted as outlined in Appendix B.5.  The resulting 
restriction enzyme fragments were separated on 0.8% (w/v) TAE agarose gels 
(Appendix B.6).  DNAFRAG version 3.03 was used to calculate the size of the 
fragments based on a least squares fit of fragment size to gel mobility (Schaffer and 
Sederoff, 1981). 
 
2.3.4.2 Southern hybridization analysis of pMR11 
 
Southern hybridization analysis was performed in order to confirm the V. midae SY9 
origin of the cloned insert DNA within the recombinant plasmid pMR11.  Chromosomal 
DNA was extracted (Appendix B.4.1) from V. midae SY9 and E. coli JM109 
(Table 2.2).  The recombinant plasmid pMR11 was double digested with the restriction 
enzymes EcoRI (Roche) and ClaI (Roche), as outlined in Appendix B.5.  A 316 bp 
EcoRI - ClaI DNA fragment was resolved on a 2% (w/v) TAE agarose gel 
(Appendix B.6), before being gel purified using the Qiagen Gel Purification kit 
according to the manufacturer’s instructions.  The purified DNA fragment was then 
radioactively labelled ([α
32
P]-dCTP, Amersham) using a random-primed DNA labelling 
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The labelled DNA was used as a probe against equally loaded amounts (10 µg) of 
V. midae SY9 and E. coli JM109 chromosomal DNA that had been digested with the 
restriction enzymes BglII, EcoRI and HindIII.  The resulting fragments were separated 
on a 0.7% (w/v) TAE agarose gel at 35 V overnight (Appendix B.6).  The Southern 
hybridization procedure that was followed is described in Appendix B.8.  
 
2.3.4.3 Deletion analysis of pMR11 
 
Deletion analysis of pMR11 was conducted in order to identify the regions within the 
cloned DNA that were responsible for the proteolytic activity in E. coli JM109 
harbouring the recombinant plasmid pMR11.  The recombinant construct pMR11 was 
digested with the restriction enzymes BglII and BamHI (Appendix B.5).  The resulting 
3.0 and 5.6 kb DNA fragments were gel purified using the Qiagen Gel Purification kit.  
The 5.6 kb fragment was re-ligated (Appendix B.12.1) and the resulting construct 
designated pDel11.  The 3.0 kb DNA fragment was subcloned (Appendix B.12.2) into 
pBluescript SK (Table 2.2) that had been digested with the restriction enzyme BamHI, 
and the ensuing recombinant plasmid was designated pSub11.  
 
The resulting constructs were transformed (Appendix B.2) into competent 
E. coli JM109 cells (Appendix B.1.2) and assayed for a proteolytic phenotype by 
plating onto LA, supplemented with 2% (w/v) skim milk and 100 µg ml
-1
 ampicillin, as 
described in section 2.3.3.  
 
2.3.4.4 Sub-cloning of the proteolytic region into pBluescript SK 
 
Further sub-cloning was conducted in order to identify and isolate the region within the 
cloned V. midae SY9 DNA fragment that was responsible for the observed extracellular 
proteolytic phenotype of E. coli JM109 harbouring pMR11.  The 1.9 kb HindIII – 
HindIII restriction DNA fragment from pMR11 was sub-cloned (Appendix B.12.2) into 
pBluescript SK that had been linearised by restriction enzyme digestion with HindIII 
(Fermentas) (Appendix B.5) and the resulting recombinant plasmid designated pProH3 
(Table 2.2).  The recombinant construct pProH3 was transformed (Appendix B.2) into 
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phenotype by plating onto LA containing 100 µg ml
-1
 ampicillin (Appendix A.2.2) and 
supplemented with 2% skim milk, as described in section 2.3.3. 
 
2.3.4.5 DNA sequencing of the Vibrio midae SY9 extracellular protease gene 
 
Synthetic oligonucleotide primers (M13Fwd and M13Rev, Table 2.3) were used to 
sequence the insert DNA by the dideoxy chain-termination method (Sanger et al., 1977) 
(Appendix B.26.1).  The recombinant pBluescript SK plasmids, pMR11, pDel11, 
pSub11 and pProH3 were isolated using an Eppendorf FastPlasmid Mini kit, according 
to the manufacturer’s instructions and sequenced using the DYEnamic ET Dye 
Terminator Cycle Sequencing Kit (Amersham Pharmacia Biotech) on a GeneAmp PCR 
System 9700 (Perkin Elmer, Applied Biosystems).  The amplicons were separated on an 
Amersham Biosciences MegaBACE 500 Automated Capillary DNA Sequencing 
System (Amersham and Pharmacia Biotech Molecular Dynamics), according to the 
manufacturer’s instructions, and analyzed using MegaBACE 500 Sequence Analyser 
version 2.4 software.  
 
Table 2.3 Oligonucleotide primers used in this study 
 
Primer Sequence (5' – 3')
 
Reference 
M13Fwd CGCCAGGGTTTTCCCAGTCACGAC Yanisch-Perron et al. (1985) 
M13Rev GAGCGGATAACAATTTCACACAGG Yanisch-Perron et al. (1985) 
PSeqFwd CCAGCACGGACGTACGTTCGAG This study 
PSeqRev CTCGAACGTACGTCCGTGCTGG This study 
ProFwd1 CTGTCGGCTCGACCAC This study 
ProRev1 CGCGGCTAACGATCAA This study 
PExt GCACTGTCCGCAATCTCATTGG This study 
PExtCy5
a
 GCACTGTCCGCAATCTCATTGG This study 
 
a
 PExtCy5 was 5' - end labeled with Cy5-Far Red flouroscein 
 
Sequence data was edited using CHROMAS version 2.01 software (Technelysium Pty 
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Biosoft, Canada) software.  Homology and similarity searches of DNA sequences were 
performed using the basic local alignment search tool (BLAST) programs (Altschul et 
al., 1989; Altschul et al., 1997; Marchler-Bauer et al., 2005), as provided by the 
National Centre for Biotechnology Information (NCBI) 
(http://www.ncbi.nlm.nih.gov/BLAST/).  Homology and similarity searches of 
translated DNA sequences were performed using the BLASTP program (Altschul et al., 
1997) as provided by NCBI.  Conserved domains and conserved domain architecture 
searches were performed using the CD-search and conserved domains architecture 
retrieval tool (CDART), respectively, as provided by NCBI (Marchler-Bauer and 
Bryant, 2004; Marchler-Bauer et al., 2009).  Interproscan (www.ebi.ac.uk/interproscan/) 
together with a hydrophobicity analysis (DNAMAN) was used to identify a putative 
signal peptide.  The DNAMAN software was also used to identify a putative terminator 
region.  
 
2.3.5 RNA analytical methods 
 
2.3.5.1 Isolation of total RNA  
 
Total cellular RNA was isolated (Ausubel et  al., 1989) (Appendix B.7) from 
V. midae SY9 which had been cultured for 24 hours in P-MBM (Appendix A.1.3) at 
22 °C and E. coli JM109 (pSK) cultured for 24 hours in LB broth (Appendix A.1.5) 
containing 100 µg ml
-1
 ampicillin (Appendix A.2.2) at 37 °C with shaking.  
 
Ten millilitres of each culture was collected by centrifugation (13,000x g for 10 minutes 
at 4 ºC) and resuspended in 10 ml protoplast buffer (Appendix A.2.9).  The resulting 
protoplasts were collected by centrifugation (7,000x g for 5 min at 4 ºC) and 
resuspended in 500 µl lysis buffer (Appendix A.2.9) containing 15 µl DEPC (Sigma).  
Samples were incubated at 37 ºC for 5 minutes before salt-saturated NaCl (Appendix 
A.2.9) was added to precipitate most of the SDS contained within the lysis buffer, and 
the resulting white precipitate was removed by centrifugation (13,000x g for 10 minutes 
at 4 ºC).  Supernatant fractions were collected and the nucleic acid precipitated with ice-
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4 ºC).  The resulting nucleic acid pellets were washed in ice-cold 70% (v/v) ethanol 
(Appendix A.2.9) to remove any remaining salt, air-dried and resuspended in a final 
volume of 20 µl of DEPC treated water (Appendix A.2.9).  
 
RNA samples were treated with DNAse I (Promega) in order to remove any 
chromosomal DNA contamination.  Ten units of DNAse I was added to the RNA 
sample in a total volume of 50 µl, and incubated at 37 ºC for 3 hours.  The RNA was 
recovered by adding an equal volume of phenol/chloroform/iso-amyl alcohol (25:24:1) 
(Appendix A.2.9), before centrifuging the samples at 13,000x g for 10 minutes at 22 ºC 
and transferring the aqueous phase to a clean sterile microfuge tube.  In order to 
precipitate the RNA, 5 µl 3M sodium acetate (Appendix A.2.9) and 150 µl ice-cold 
absolute ethanol (Merck) was added to the RNA sample.  The mixture was centrifuged 
at 13,000x g for 10 minutes at 4 ºC.  The RNA sample was then resuspended in 20 µl 
DEPC water and quantified using the Nanodrop
®
 ND-100 spectrophotometer (Nano 
Drop Technologies, Inc.).  RNA integrity was assessed by electrophoresis of 1 µg of 
total RNA on a 1.5% formaldehyde agarose gel (Appendix B.13.1 and B.13.2). 
 
2.3.5.2 Primer extension analysis of vmproA 
 
The putative transcriptional start site of the V. midae SY9 protease gene, vmproA, was 
identified by a non-radioactive primer extension method (Appendix 26.2), adapted from 
Eikmanns et al. (1994) and Miroslav Pátek (Institute of Microbiology, Czech Republic, 
personal communication).  A Cy5 end-labelled oligonucleotide primer (PExtCy5, 
Table 2.3) was designed complementary to the nucleotides +258 to +279 bp 
downstream of the vmproA ATG start codon.  Total cellular RNA was extracted from a 
16 hour culture of V. midae SY9 cultivated in P-MBM, as described in section 2.3.5.1 
(Ausubel et al., 1989).  RNA integrity was assessed by electrophoresis of 1 µg of total 
RNA on a 1.5% formaldehyde agarose gel (Appendix B.13.1 and B.13.2). 
 
Prior to the primer hybridization step, 40 µg of total RNA was denatured at 95 °C for 
10 minutes and rapidly cooled on ice.  A final concentration of 20 µM PExtCy5 and 
20 units (U) of RNAse inhibitor (RNasin
®
 Ribonuclease Inhibitor, Promega) were 
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45 °C in the dark to allow the primer to anneal.  The reverse transcription (ImProm II™ 
Reverse Transcription System, Promega) reaction was set up, according to the 
manufacturer’s instructions, and incubated at 42 ºC for 2-3 hours in the dark, before the 
addition of an extra 1 µl of reverse transcriptase enzyme and hybridization of the 
reaction mixture continued overnight at 42 °C in the dark.  
 
The reaction was terminated by the addition of 10 µl 1 N NaOH (Appendix A.2.3) and 
0.5 M EDTA (Appendix A.2.3), and incubated at 65 ºC for 15 minutes, before 10 µl 
1 M HCl (Appendix A.2.3) was added.  The cDNA was purified from the reaction 
mixture by passing the cDNA samples through RNeasy MinElute columns (RNeasy
®
 
MinElute™ Cleanup Kit, Qiagen).  The cDNA was eluted from the RNeasy columns 
with two serial passages of 30 µl sterile water.  The water was evapourated to reduce the 
volume of the cDNA sample using a Speed Vac Concentrator (Savant), and the cDNA 
pellet resuspended in 8 µl TE buffer (Appendix A.2.3).  The samples were quantitated 
using a Nanodrop ND-1000 spectrophotometer and stored in the dark at -70 ºC.  
 
The recombinant plasmid pMR11 was sequenced using the un-labelled oligonucleotide 
primer PExt (Table 2.3), according to the manufacturer's instructions on a GeneAmp 
PCR System 9700 (Perkin Elmer, Applied Biosystems).   
 
The primer extension products were defrosted on ice, before 3 µl of tracking dye was 
added.  After a 5 minute denaturation at 96 ºC the primer extension products were 
rapidly cooled on ice and loaded on the ALFexpress™ automated DNA sequencer 
(Pharmacia Biotech).  Analysis of the sequencing reaction products of pMR11, obtained 
using the oligonucleotide primer PExt, was performed in parallel in the appropriate 
sequencing lanes on the same sequencing gel as described in Appendix B.26.2.  This 
enabled the primer extension product to be compared and analysed with respect to the 
nucleotide sequence upstream of the ATG start codon.  The DNA sequence was 
determined, according to the manufacturer’s instructions, on an ALFExpress
™
 DNA 
Sequencer (Pharmacia Biotech).  Data was analysed using the AlfWin AM version 3.0 
software.  The sequence was edited and assembled using DNAMAN version 4.13 
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2.3.5.3 Northern hybridization analysis of vmproA 
 
Northern hybridization analysis was performed in order to determine the size of the 
mRNA transcript encoding VmproA.  The recombinant plasmid pMR11 (Table 2.2) was 
isolated using an Eppendorf FastPlasmid Mini kit according to the manufacturer’s 
instructions.  The resultant plasmid DNA was used as the template for PCR 
amplification of a 231 bp internal protease gene fragment.  PCR amplification was 
performed with the oligonucleotide primers, ProFwd1 and ProRev1 (Table 2.3; 
Appendix B.25.8).  The amplified PCR product was analyzed by agarose gel 
electrophoresis (Appendix B.6) to confirm reaction specificity and product size, before 
being purified using the Qiagen Gel Purification kit from a 2% (w/v) TAE agarose gel 
according to the manufacturer’s instructions.  The purified DNA fragment was then 
radioactively ([
32
P]-dCTP, Amersham) labelled using a random-primed DNA labelling 
kit (Roche) according to the manufacturer’s instructions (Appendices B8.2 and B.8.3).  
 
Total cellular RNA was isolated (Appendix B.7) from V. midae SY9 cultured for 
24 hours in P-MBM (Appendix A.1.3) at 22 °C and E. coli JM109 (pSK) cultivated for 
24 hours in LB broth containing 100 µg ml
-1
 ampicillin (Appendix A.2.2) at 37 °C.  
Twelve micrograms of total RNA from each sample, and 5 µl RNA Molecular Weight 
Marker (Roche), were prepared and separated on a 1.5% formaldehyde gel (Appendix 
B.13.1 and B.13.2).  The electrophoresed RNA samples were capillary transferred to 
Nylon membrane (Hybond N+ Nylon Membrane, Amersham) for 16 hours with 1x SSC 
(Appendix B.13.3), whereafter the membrane was UV cross linked (Ultraviolet 
Crosslinker, Amersham Life Science).  The membrane was probed with the 
radioactively labelled internal gene fragment, as described in Appendix B.13.4. 
 
2.3.6 Phylogenetic analysis of VmproA 
 
For phylogenetic analysis of VmproA, reference strains were identified and selected for 
comparison from those identified by Siezen and Leunissen (1997).  Sequences were 
downloaded from the GenBank database, aligned using CLUSTAL_X, version 1.81 
(Thompson et al., 1997) and a portion of the protein sequences, including the catalytic 
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analyses were conducted using MEGA version 3.1 (Kumar et al., 2004) and a 
neighbour-joining (Saitou and Nei, 1987) tree constructed.  Bootstrap values were based 
upon 1000 re-sampled data sets (Felsenstein, 1985) and only bootstrap values greater 
















2.4.1 Restriction enzyme mapping of the recombinant plasmid pMR11 
 
An E. coli JM109 transformant displaying a proteolytic phenotype when cultured on 
skim milk solid media, was isolated from a previously constructed V. midae SY9 
genomic library (Taylor, 2002).  This protease clone was restriction mapped and 
designated pMR11 (Fig. 2.1). 
 
 
Figure 2.1 Restriction enzyme map of the recombinant plasmid pMR11. The thick 
blue line (■) represents cloned V. midae SY9 chromosomal DNA, whilst 
the thin black line represents the vector, pBluescript SK (+), DNA.  The 
size of the recombinant plasmid pMR11 is shown in base pairs (bp).  The 
positions of the restriction enzyme recognition sequences in bp are 
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2.4.2 Southern hybridization analysis 
 
The 316 bp ClaI- EcoRI fragment (at position 3124 and 3440, respectively) was excised 
from pMR11 (Fig. 2.1) and used as a probe against V. midae SY9 chromosomal DNA in 
order to confirm that the insert DNA fragment carried by the recombinant plasmid 
pMR11 was of V. midae SY9 origin (Fig. 2.2).  E. coli JM109 chromosomal DNA was 
also assessed as a negative control. 
 
For V. midae SY9, the ClaI-EcoRI fragment hybridized to two BglII fragments of 
approximately 16.6 and 6.4 kb in size (Fig. 2.2, lane 1), a 4.9 kb EcoRI fragment 
(Fig. 2.2, lane 2) and a 1.9 kb HindIII fragment (Fig. 2.2, lane 3).  The ClaI - EcoRI 
fragment did not hybridize to any fragments generated by the BglII (Fig. 2.2, lane 4), 












Figure 2.2 Southern hybridisation of the radiolabeled 316 bp EcoRI - ClaI internal 
gene fragment of vmproA from pMR11 to V. midae SY9 and 
E. coli JM109 chromosomal DNA.  V. midae SY9 chromosomal DNA 
digested with BglII (lane 1), EcoRI (lane 2), HindIII (lane 3), 
E. coli JM109 chromosomal DNA digested with BglII (lane 4), EcoRI 
(lane 5), HindIII (lane 6).  The arrows indicate the approximate sizes of 
the bands in kilobase pairs (kb). 
 
2.4.3 Deletion sub-cloning analysis of pMR11 
 
Since the recombinant plasmid pMR11 (Fig. 2.1) contained a large insert of 
V. midae SY9 chromosomal DNA, it was necessary to determine which portion of this 
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fragment was responsible for the observed extracellular proteolytic activity.  This was 
achieved by making use of a deletion subcloning strategy whereby a portion of the 
insert from pMR11 was deleted, separately subcloned, and visually investigated (as in 
section 2.4.1) to determine the extracellular proteolytic phenotype of the resulting 
recombinant constructs when transformed into E. coli JM109.  The deletion subcloning 
strategy that was followed is shown in Figure 2.3. 
 
The 3005 bp BglII (3315)-BamHI (6320) fragment was deleted from pMR11 in order to 
generate the plasmid pDel11 (Fig. 2.3).  E. coli JM109 competent cells transformed 
with pDel11 did not display an extracellular proteolytic phenotype when cultured on 
skim milk solid media (Fig. 2.3).  E. coli JM109 cells transformed with pSub11, which 
was constructed by subcloning the 3005 bp BglII (3315)-BamHI (6320) fragment from 
pMR11 (Fig. 2.3) into pBluescript SK, also did not exhibit an extracellular proteolytic 
phenotype when cultured on skim milk solid media (Fig. 2.3).  However, E. coli JM109 
transformed with pProH3, generated by subcloning the 1945 bp HindIII (1900)-HindIII 
(3845) fragment from pMR11 into pBluescript SK, displayed an extracellular 
proteolytic phenotype (Fig. 2.3).  Therefore, the cloned 1945 bp HindIII -HindIII 
pMR11 DNA fragment contained a functional V. midae SY9 extracellular protease 
gene(s). 
 
2.4.4 DNA sequencing of the protease gene cloned from V. midae SY9 
 
An open reading frame (ORF) of 1605 nucleotides was observed to begin at the putative 
ATG start codon at position 187 and continue to the TAG stop codon at position 1789 
(Fig. 2.4).  This ORF encodes a 534 amino acid protein, with a predicted size of 




 was identified 
(Fig. 2.4).  A putative Shine Dalgarno sequence, AAGGAA, at positions 175 – 180 was 
identified upstream of the ATG translational start site (Fig. 2.4).  
 
The 7 bp inverted repeat at positions 1819-1825 and 1836-1842 has a ∆G of formation 
of -5.6K cal/mol (DNAMAN) and may function as an energetically favorable 










CHAPTER 2:   Cloning and characterization of vmproA 
 
49 
3'-end of the mRNA transcript and has the potential to form a stable mRNA hairpin 
structure with a stem and loop, followed by several uracil (U) residues (Fig. 2.5). 
 
 
Figure 2.3 The deletion and subcloning strategy of the recombinant plasmid 
pMR11.  DNA fragments were deleted () from pMR11 to create the 
plasmids pDel11, pSub11 and pProH3.  The thick blue line (■) 
represents cloned V. midae SY9 chromosomal DNA, whilst the thin 
black line represents pBluescript SK (+) vector DNA.  The position of 
the β-lactamase gene (→) is shown.  [Continued on following page]. 
Protease activity: 
pProH3 (4.9 kb) 
+++ 
- 
pSub11 (6.1 kb) 
++++ 
- 
pMR11 (8.6 kb) 
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[Continued from facing page]  The size of the recombinant plasmids is 
shown in kilobase pairs (kb).  The positions of the relevant restriction 
enzyme recognition sequences, in bp, are indicated in brackets.  The 
extracellular proteolytic phenotypes of the E. coli JM109 strains 
harbouring the recombinant plasmids are shown.  Extracellular protease 
activity was identified by visual detection of clear zones (designated and 
rated as: +++ or ++++) of skim milk hydrolysis around the bacterial 
colony growing on 2% skim milk LA.  No hydrolysis of the skim milk 
surrounding the E. coli JM109 colony is considered as a lack of 
extracellular protease activity and is designated (-). 
 
Primer extension analysis was performed in order to identify the putative transcriptional 
start site and approximate position of the promoter of vmproA.  Primer extension 
indicated that the putative transcriptional start site is a thymine at position 83 and this is 
104 bp upstream of the ATG start site (Figs. 2.4 and 2.6).  A conserved promoter region 
based on the common -10 (TATAAT) and -35 (TTGACA) motifs generally observed in 
prokaryotic promoters could not be identified for vmproA.  However, the nucleotides 
TCTAGT at positions -7 to -12 may form a possible -10 region and the nucleotides 
TTATGC at positions -30 to -35 may form a possible -35 region (Figs. 2.4 and 2.6).  
 
2.4.5 Northern hybridization studies 
 
In order to determine the size of the mRNA transcript of vmproA, total cellular RNA 
was isolated from V. midae SY9 cells cultivated for 24 hours in P-MBM at 22 ºC.  A 
single 1.7 kb transcript of vmproA was detected in the 24 hour sample by northern 
hybridization analysis (Fig. 2.7, lane 1).  The radiolabelled probe did not hybridize to 
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       HindIII           -35                                    
   1   AAGCTTGGTTATTGATCATGTTTCTGAGTATGCGAATTATTATCAGTTATGCATATGATT 
   -10       +1 
  61   GCTCATTGTCTAGTTTGACTTGTGTAACGTCACTTCAGCACGCACTACGCTGATTGTCTG 
             RBS 
 121   TGTTTTCGTGTTGACAGTTTGGTACTAGGTAAAAATCAACAAGACTATGATTTCAAGGAA   
       
 181   CATTTTATGTTAAAGAAACTACTAAGTTGTTGTATCACCTCCGCGCTCTGTTTTCATTCT 
   1          M  L  K  K  L  L  S  C  C  I  T  S  A  L  C  F  H  S   
 
 241   TCTCTCGCTTTTTCGCAACCCAATGAGATTGCGGACAGTGCAGAGTTACAACAAGCTCCC 
  19    S  L  A  F  S  Q  P  N  E  I  A  D  S  A  E  L  Q  Q  A  P   
 
 301   GACACATTGCCTGCCACTTTGATGCTTGCACCGGACGACATCGCCATTGCAGATCGCTAT  
  39    D  T  L  P  A  T  L  M  L  A  P  D  D  I  A  I  A  D  R  Y  
 361   ATTGTGGTATTTCAACAGCCGCAAATGATGGTGAGCAATTCAACGGAATTCGAGCAATTC 
  59    I  V  V  F  Q  Q  P  Q  M  M  V  S  N  S  T  E  F  E  Q  F   
 421   ACGCAACAATCCGTAGACCGCATGTCTGGTTTGTATTCGATACAAGTGGAGTCGGTTTTT 
  79    T  Q  Q  S  V  D  R  M  S  G  L  Y  S  I  Q  V  E  S  V  F   
 481   GACCACTCGATAAGTGGATTTGTCGCTAACTTGAGTCCTGAGCAACTAAAAGATCTGCGT 
  99    D  H  S  I  S  G  F  V  A  N  L  S  P  E  Q  L  K  D  L  R   
 541   TCTGATCCTCGTGTGGACTACATTGAGCAAGACAGAATCCTATCGCTTGACCCAATAGTC 
 119    S  D  P  R  V  D  Y  I  E  Q  D  R  I  L  S  L  D  P  I  V   
 601   TCGGCAGACGCAAATCAAACCAATGCCATTTGGGGACTAGACCGAATCGACCAACGAAAC 
 139    S  A  D  A  N  Q  T  N  A  I  W  G  L  D  R  I  D  Q  R  N   
 661   TTGCCACTCGATAACAACTACAGTGCCAACTTTGATGGGACTGGGGTAACGGCTTATGTT 
 159    L  P  L  D  N  N  Y  S  A  N  F  D  G  T  G  V  T  A  Y  V   
 721   ATCGATACGGGTGTGAATAACGCGCATGTTGAGTTCGGTGGTCGCTCAGTTTCAGGGTAT 
 179    I  D  T  G  V  N  N  A  H  V  E  F  G  G  R  S  V  S  G  Y   
 781   GACTTTGTCGATAACGATGCAGATGCAAGTGACTGTAATGGACACGGCACACACGTAGCT 
 199    D  F  V  D  N  D  A  D  A  S  D  C  N  G  H  G  T  H  V  A   
 841   GGCACCATTGGCGGCAGCTTGTATGGTGTTGCAAAAAACGTCAACCTTGTCGGCGTGAGA 
 219    G  T  I  G  G  S  L  Y  G  V  A  K  N  V  N  L  V  G  V  R   
 901   GTATTGAGCTGTACCGGATCGGGTTCTACTTCTGGTGTTATTGCCGGTGTGGACTGGGTG 
 239    V  L  S  C  T  G  S  G  S  T  S  G  V  I  A  G  V  D  W  V   
 961   GCTGCGAACGCTTCCGGACCTTCAGTCGCCAACATGAGTTTAGGCGGCGGTCAATCCGTC 
 259    A  A  N  A  S  G  P  S  V  A  N  M  S  L  G  G  G  Q  S  V  
1021   GCTCTGGATAGTGCGGTGCAAAGTGCGGTTCAGTCAGGTGTCAGCTTTATGCTTGCAGCA 
 279    A  L  D  S  A  V  Q  S  A  V  Q  S  G  V  S  F  M  L  A  A   
1081   GGTAACTCCAACGCCGATGCATGTAACTATTCTCCAGCACGCGTTGCTTCCGGAGTAACT 
 299    G  N  S  N  A  D  A  C  N  Y  S  P  A  R  V  A  S  G  V  T   
1141   GTCGGCTCGACCACCAGCACGGACGTACGTTCGAGTTTTTCAAACTGGGGCAGTTGTGTG 
 319    V  G  S  T  T  S  T  D  V  R  S  S  F  S  N  W  G  S  C  V   
1201   GACGTGTTTGCGCCAGGTTCACAAATCAAATCCGCATGGTATGACGGTGGCTACAAAACC 
 339    D  V  F  A  P  G  S  Q  I  K  S  A  W  Y  D  G  G  Y  K  T   
1261   ATTAGTGGCACTTCGATGGCGACGCCACATGTGGCGGGTGTAGCAGCATTGTATCTTCAA 
 359    I  S  G  T  S  M  A  T  P  H  V  A  G  V  A  A  L  Y  L  Q   
1321   GAAAACCGTTCACTGTCTCCAAGCCAAGTAGAGGCCTTGATCGTTAGCCGCGCAACTAGC   
 379    E  N  R  S  L  S  P  S  Q  V  E  A  L  I  V  S  R  A  T  S   
1381   GGAAAAGTGACGGACACAAGAGGCAGCGTGAACAAGCTACTTTATAGCTTAACGGATACA  
 399    G  K  V  T  D  T  R  G  S  V  N  K  L  L  Y  S  L  T  D  T   
1441   GATTGTGGCCAAGACTGCGGTGGCCCAGATCCAACACCGGACCCAGAAGGCAAATTAACC  
 419    D  C  G  Q  D  C  G  G  P  D  P  T  P  D  P  E  G  K  L  T   
1501   TCGGGCGTGCCAGTAAGTGGTTTAAGTGGTTCAACTGGTCAAGTAGCGTATTACTATGTT 
 439    S  G  V  P  V  S  G  L  S  G  S  T  G  Q  V  A  Y  Y  Y  V   
1561   GATGTAGAAGCTGGGCAGCGCTTAACCGTACAAATGTATGGTGGCAGTGGCGATGCGGAT 
 459    D  V  E  A  G  Q  R  L  T  V  Q  M  Y  G  G  S  G  D  A  D   
1621   TTGTATCTCCGTTTTGGAGCAAAACCAGCACTGAATGCATGGGACTGCCGACCTTTCAAA 
 479    L  Y  L  R  F  G  A  K  P  A  L  N  A  W  D  C  R  P  F  K   
1681   TACGGTAACAATGAAACATGTACGGTCAGTGCGACGCAAAGTGGACGTTATCACGTCATG 
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1741   ATTCAAGGTTACTCAAACTATAGCGGTGTCAGCATTCAAGCGAGCTACTAGTTATTTTTC 
 519    I  Q  G  Y  S  N  Y  S  G  V  S  I  Q  A  S  Y  *   
1801   TCGTTATTAGAAGAGAACAAAGCCCGCTTTTCGGTGGGCTTTTCTTATGGGAATACTGTG 
 
1861   CTTTAGGGAATGCAGTGTTAACGAGGAGACGCTATTCAAACGTATTGGCCTTTTGCTTCA 
                              HindIII 
1921   AAAACTCAACTCGAAGCGGCATCGAAGCTT 
 
 
Figure 2.4 Nucleotide sequence of vmproA and the deduced amino acid sequence of 
the protease protein, VmproA.  The -10 and -35 regions of a putative 
promoter region and a putative ribosome binding site (RBS) are 
underlined.  The putative transcriptional start site is highlighted in bold.  
An asterisk (*) indicates the stop codon TAG.  The amino acid active site 
residues are bolded and underlined.  A pair of inverted repeats, 
representing the putative terminator, is indicated by a pair of inverted 
arrows.  The putative signal sequence predicted using Interproscan 
(www.ebi.ac.uk/interproscan/) is underlined by a dotted line.  HindIII 























Figure 2.5 The formation of a hairpin loop structure of a potential transcriptional 
terminator in the transcribed mRNA of the V. midae SY9 vmproA 
protease gene.  The inverted repeats are highlighted in bold.  The 
formation of this inverted repeat is energetically favourable: ∆G= -5.6K 
cal/mol (DNAMAN version 4.13).  
mRNA Transcription 
Formation of the hairpin 
loop structure of the 
putative terminator in 
























Figure 2.6 Identification of vmproA transcriptional start site by primer extension 
analysis.  (A) Primer extension reaction product (black line) and 
adenines (green line).  The transcriptional start (+1) site is indicated by 
the arrow.  (B) Chromatogram of the corresponding DNA sequencing 
reaction using the same primer PExt (underlined in blue).  
(C) Nucleotide sequence of the putative promoter region of vmproA: 
ATG start codon (highlighted in green), transcriptional start site 
(red, +1), putative -10 and -35 motifs (underlined and bold), the 
ribosome binding site (RBS) and HindIII restriction enzyme recognition 
sequence (bold type).  The Cy5 end-labelled reverse primer (PExtCy5) 
used to synthesise cDNA is underlined in blue.  The numbering in (A) 
and (B) is based on the sequencing reaction and does not represent the 
numbering for the nucleotide sequence of vmproA as indicated in 
Figs. 2.4 and 2.6C.  
B) 
 
          HindIII                                                                                                                 -35 
1      AAGCTTGGTTATTGATCATGTTTCTGAGTATGCGAATTATTATCAGTTATGCATATGATT 
                                  -10                           +1 
61    GCTCATTGTCTAGTTTGACTTGTGTAACGTCACTTCAGCACGCACTACGCTGATTGTCTG 
                                                                                                                                                             RBS 
121  TGTTTTCGTGTTGACAGTTTGGTACTAGGTAAAAATCAACAAGACTATGATTTCAAGGAA 
         
181  CATTTTATGTTAAAGAAACTACTAAGTTGTTGTATCACCTCCGCGCTCTGTTTTCATTCT 
 
































Figure 2.7 Northern hybridization of the 245 bp PCR product from E. coli JM109 
(pMR11) to 10 µg of V. midae SY9 (lane 1) and E. coli JM109 (pSK) 
(lane 2) total cellular RNA isolated after 24 hours of growth in P-MBM 
at 22 ºC and LB containing 100 µg ml
-1
 Ampicillin at 37 ºC, 
respectively.  The 231 bp PCR product representing an internal gene 
fragment (1793 - 2024) of vmproA was radiolabelled with [α-
32
P]dCTP 
and used to probe the northern blot.  The arrow indicates a single mRNA 
transcript of 1.7 kb in size. 
 
2.4.6 Bioinformatic analyses of VmproA 
 
Bioinformatic analysis of the deduced VmproA amino acid sequence indicated that it 
shared very high sequence identity at the amino acid level with other proteases 
produced and secreted by Vibrio species (Table 2.4).  The deduced VmproA amino acid 
sequence had 98% (P16588), 97% (AAZ06359) and 96% (ZP_01259334) amino acid 
sequence identity with alkaline serine exoproteases of three V. alginolyticus species, and 
86% amino acid sequence identity to a V. harveyi extracellular protease (ABL75266).   
 







identified by comparing the deduced VmproA amino acid sequence with known 
consensus sequences surrounding the active site residues of characterised subtilases 
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Table 2.4 Identities of the closest related protein sequences, obtained from a 
BLAST search of the GENBANK database (accessed 04/11/2009), to the 
deduced VmproA 534 amino acid sequence. 
 
Organism Accession no. Description % Identity E-value 
V. alginolyticus P16588 
Alkaline serine exoprotease A 
precursor 
98% 2.00E-149 
V. alginolyticus AAZ06359 Alkaline serine exoprotease A 97% 2.00E-149 






ZP_01259334 Alkaline serine protease 96% 3.00E-147 
V. harveyi ABL75266 Extracellular protease 86% 2.00E-129 
Vibrio sp. PA-44 AAO16017 
Extracellular subtilisin-like 




 ZP_00990201 Alkaline serine protease 70% 4.00E-103 
V. cholerae 
MZO-3 
EAY39642 Alkaline serine protease 56% 1.00E-85 
V. cholerae O1 
biovar eltor str. 
N16961 
NP_229814 Alkaline serine protease 57% 2.00E-85 
V. cholerae 1587  EAY32398 Alkaline serine protease 56% 2.00E-85 
 
A neighbour-joining tree of the catalytic domain of VmproA and reference strains was 
constructed (Fig. 2.8).  VmproA clustered within the sub-family of proteinase K-like 
subtilases.  Furthermore, VmproA grouped together with the proteinase K-like 
subtilases produced and secreted by Gram-negative bacteria and not with those of 
fungal or yeast origin. 
 
A conserved domain search revealed three putative conserved protein domains within 
the deduced amino acid sequence of the V. midae SY9 protease, VmproA (Fig. 2.9).  A 




) and is 
a match to protein family pfam05922.  A peptidase S8 or subtilase domain, matching 




).  A bacterial 
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conserved domain architecture within the VmproA amino acid sequence of sequentially 
ordered inhibitor, peptidase and PPC conserved domains is similar to 45 bacterial 
proteolytic enzymes, which includes extracellular alkaline serine proteases produced by 
several Vibrio species, including V. alginolyticus, V. cholerae, and V. harveyi (data not 
shown). 
 
Figure 2.8 Unrooted phylogenetic tree of members of the Proteinase K sub-family, 
within the subtilase superfamily, based on the sequence alignment of a 
common length portion, including the catalytic domains (255 amino 
acids).  The tree was constructed using the neighbour joining method.  
VmproA (vmproa) is highlighted in bold.  Bootstrap values are based 
upon 1000 resampled data sets and only values of greater than 40% are 
indicated.  A subtilisin sub-family member, vmvapt, was set as the out-
group.  Accession numbers (where available) are shown in brackets.  The 
bar represents 0.1 amino acid substitutions per amino acid position. 
 
 vaproa (M25499) 
 vmproa (This study) 
 alapr2 (S68495) 
 trt41a (U17342) 
 spsepr (D14063) 
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Figure 2.9 A representation of the conserved protein domain architecture within the 
deduced amino acid sequence of VmproA (number black bar).  Amino 
acids 56-135 (green bar) are similar to N-terminal peptidase inhibitor 
domain; a subtilase (Peptidase S8 family) conserved domain was found 
from amino acid 155-399 (red bar) and amino acids 452-521 (blue bar) 






















An E. coli JM109 clone displaying an extracellular proteolytic phenotype on skim milk 
agar plates was isolated from a previously constructed genomic library of V. midae SY9 
(Taylor, 2002).  The proteolytic clone harboured the recombinant plasmid pMR11 that 
was mapped by restriction enzyme analysis.  Southern hybridization analysis performed 
on pMR11 indicated that the cloned insert DNA originated from V. midae SY9.  A 
deletion sub-cloning strategy employed to identify the proteolytically active portion of 
the plasmid indicated that the protease activity was located around the BglII (3315) 
restriction enzyme site of pMR11.  The protease activity of pMR11 was localised to a 
1.9 kb HindIII restriction fragment which was subsequently subcloned into the 
pBluescript SK cloning vector and designated pProH3.  E. coli JM109 strains 
harbouring either pMR11 or pProH3 had an extracellular proteolytic phenotype when 
plated on skim milk agar plates, confirming that the vmproA protease gene was located 
within the 1.9 kb HindIII - HindIII V. midae SY9 chromosomal DNA fragment.   
 
The recombinant plasmids pMR11 and pProH3, and the constructs pSub11 and pDel11, 
were sequenced.  The nucleotide sequence obtained from these constructs was 
assembled and the full-length vmproA nucleotide sequence analysed.  A BLAST search 
of the GENBANK database revealed that the putative ORF, contained within the 
V. midae SY9 cloned and sequenced chromosomal DNA fragment of pMR11, had high 
amino acid sequence identity to other Vibrio species’ proteases.  The majority of these 
proteases are alkaline serine proteases.  The highest identity (98%) was to a 
V. alginolyticus calcium-dependent detergent-resistant alkaline serine exoprotease A 
(Deane et al., 1989).  
 
Deane (1989) visually identified a putative promoter region within the nucleotide 
sequence of the V. alginolyticus alkaline serine exoprotease A gene proA, that had 
homology to E. coli promoter sequences.  A region upstream of the vmproA start codon 
corresponds to the putative V. alginolyticus proA promoter region.  However, primer 
extension analysis performed on total RNA isolated from V. midae SY9 cultivated in a 
protease inducing growth medium, was used to determine the approximate position of a 
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identification of putative promoter regions within Vibrio species gene sequences has 
been employed in several studies (Litwin et al., 1992; Swartzman et al., 1992; Okuda 
and Nishibuchi, 1998; Jeong et al., 2001; Stewart and McCarter, 2003).  Primer 
extension analysis identified the transcriptional start site of vmproA as being 104 
nucleotides upstream of the in-frame ATG start codon.  Although a conserved promoter 
region was not identified, the sequences TAGTTT at nucleotide positions -12 to -7 and 
TATGCA at -35 to -30 could potentially function as the -10 and -35 regions of the 
vmproA putative promoter, respectively.  Heinikoff shortening of the putative promoter 
region, coupled with promoter probe vector fusion constructs, could be employed in 
future studies to further investigate the promoter region and identify possible regulatory 
sequences within the DNA region upstream of the proposed vmproA promoter 
sequence.  
 
The putative vmproA ORF of 1605 nucleotides is predicted to encode a 534 amino acid 
protein with a predicted Mr of 56.026 kDa.  An energetically favourable palindromic 
sequence was identified downstream of the in-frame stop codon of vmproA that could 
function as a Rho-independent transcriptional terminator.  Northern hybridization 
analysis indicated that a 1.7 kb mRNA transcript is encoded by the vmproA protease 
gene.  The sequence data, transcriptional start site and transcriptional terminator of 
vmproA correlate with the predicted vmproA mRNA transcript size.  A possible 
ribosome binding site (RBS), or Shine-Dalgarno sequence, was identified upstream of 
the putative in-frame start codon (Stormo et al., 1982).  
 




) of the VmproA deduced N-terminal amino acid 
sequence are hydrophobic residues and may function as a signal sequence to facilitate 
the secretion of the extracellular protease through the bacterial cell membrane.  The 





.  As with other bacterial proteolytic enzymes, including members of the 
subtilisin family (Deane et al., 1989; Arnόrsdόttir et al., 2002), the overall architecture 
of VmproA can be divided into three conserved domains: an N-terminal pro-peptide 
domain, a catalytic subtilisin domain, and a pre-peptidase C-terminal domain.  This 
suggests that the protease may be expressed and translated in a precursor form with pre- 
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The subtilisin N-terminal domain, identified at the N-terminus of VmproA, may 
function as a pro-peptide.  The N-terminal domain family is often found at the 
N-terminus of subtilisin proteases and is thought to function as an intramolecular 
chaperone (Shinde et al., 1997) to promote correct folding before being auto-
proteolytically cleaved off prior to activation of the enzyme (Lee et al., 1991; Lee et al., 
1992; Eder et al., 1993; Shinde and Inouye, 1993; Bryan et al., 1995).  The 
Bacillus subtilis extracellular proteolytic enzyme, Subtilisin E, is produced as a 352-
residue pre-pro-subtilisin (Shinde and Inouye, 2000; reviewed in Takagi and Takahashi, 
2003).  The B. subtilis pre-pro-subtilisin is composed of a pre-domain that consists of a 
29 amino acid signal sequence involved in protein secretion across the cell membrane, a 
77 amino acid pro-domain and an active protease domain of 275 amino acid residues 
(Wong and Doi, 1986).  Although the exact cleavage sites of the VmproA pro-peptidase 
domain were not determined, the approximate size of the pro-peptidase domain 
(75 amino acids) and that of the catalytically active domain (244 amino acids) are 
similar to that determined for Subtilisin E. 
 
The VmproA catalytic subtilisin domain has homology to the subtilase superfamily of 
serine proteases, and contains the three active site amino acid residues (histidine, 
aspartic acid and serine) making up the catalytic triad (Siezen et al., 1991; Siezen and 
Leunissen, 1997).  Subtilases, like that of VmproA, have an Asp/Ser/His ordered 
catalytic triad and these three essential catalytic triad amino acid residues are conserved 
in all isolated subtilases (as reviewed by Siezen and Leunissen, 1997). 
 
A bacterial Pre-peptidase C-terminal domain (PPC) was identified at the C-terminus of 
VmproA.  PPC domains are generally 90 amino acid residues in length and are only 
found in bacteria and Archaea (Yeats et al., 2003).  These PPC domains have typically 
been found at the C-terminus of secreted bacterial peptidases, including three 
metalloprotease families and the subtilase superfamily of serine proteases (Rawlings et 
al., 2002; Yeats et al., 2003).  PPC domains may assist the secretion of the extracellular 
proteolytic enzyme or function as an initial inhibitor, to prevent un-desired proteolytic 
activity, as post-secretion autocatalytic removal of this domain usually results in the 
enzyme being activated (Babé and Schmidt, 1998; Yeats et al., 2003).  
 
Sequencing and bioinformatic analyses of the predicted VmproA amino acid sequence 
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presence of the conserved domains suggests that the mature VmproA is possibly N- 
and/or C-terminally processed and, therefore, the apparent size of the mature VmproA 
proteolytic enzyme may be smaller than the deduced and predicted size.  Based on the 
high identity between VmproA and the V. alginolyticus detergent-resistant alkaline 
serine exoprotease, ProA, it is possible that VmproA may represent an alkaline 
detergent-stable extracellular serine protease. 
 
The VmproA catalytic domain shares sequence homology with members of the 
proteinase K-like sub-family of the subtilase superfamily of serine proteases and 
specifically clusters with proteinase K-like enzymes produced by Gram-negative 
bacteria, including the V. alginolyticus serine exoprotease, ProA.  The proteinase K-like 
enzymes represent a large family of secreted endopeptidases, that to date have only been 
found in fungi, yeast and Gram-negative bacteria (Siezen and Leunissen, 1997). 
 
The putative active site of VmproA is comprised of three amino acids forming a 
catalytic triad.  The catalytic triad and charge relay system between the three amino 
acids forming the catalytic triad are critical for serine protease activity (Kraut, 1977).  
The active site and the amino acid residues surrounding the active site of VmproA are 
highly conserved when compared to that of other related serine proteases and, as with 
other subtilases, the VmproA catalytic triad is ordered Aspartic acid/ Histidine/ Serine 
(Siezen and Leunissen, 1997). 
 
This chapter describes an initial investigation into the extracellular proteolytic enzymes 
of V. midae SY9.  The gene encoding an extracellular detergent resistant protease was 
cloned from a previously constructed and screened V. midae SY9 genomic library.  
Bioinformatic analysis of vmproA has enabled classification of VmproA as a member of 
the proteinase K-like subfamily of the subtilase superfamily of serine proteases on the 
basis of sequence identity, catalytic domain homology and the presence and order of 
three highly conserved active site residues within the catalytic domain.  The cloned 
V. midae SY9 extracellular protease gene, vmproA, will enable further investigation into 
the specific role this gene and its secreted product, VmproA, potentially plays with 
regard to the previously observed (Macey and Coyne, 2005) increased growth rate of 
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The growth and extracellular protease activity of V. midae SY9 was investigated by 
growth curve and zymogram analysis.  V. midae SY9 extracellular protease activity was 
shown to respond to incubation temperature, the growth medium and the growth phase of 
the V. midae SY9 culture.  The V. midae SY9 extracellular protease(s) may also be 
regulated by catabolite and end-product repression, in response to the presence of glucose 
and casamino acids, respectively, within the culture medium.  Casein and gelatine 
zymography showed that V. midae SY9 produced three extracellular proteases (designated 
proteases A, B and C, respectively).  The predominant 40 kDa protease was shown to be 
SDS-stable on a gelatine-SDS-PAGE zymogram, while proteases B and C appeared to be 
minor proteases based on the zone of gelatine hydrolysis.  The secreted proteolytic 
enzymes displayed maximal activity at a pH of 9.0.  The presence of the protease 
inhibitors phenyl-methylsulfonyl (PMSF), EDTA and EGTA inhibited the activity of 
V. midae SY9 extracellular proteases, while the inhibitor, 1,10-phenanthroline, had no 
effect on V. midae SY9 extracellular protease activity.  VmproA, the predominant, SDS-
resistant, extracellular protease was purified 28.3-fold to homogeneity by ammonium 
sulphate bulk fractionation and precipitation, and successive ion-exchange and gel-
filtration column chromatographies.  The purified protein was observed to be a single 
band of approximately 40 kDa following SDS-PAGE and casein-zymogram analysis.  The 
purified VmproA enzyme had maximal activity within the alkaline pH range of 9 - 10.  
Polyclonal antibodies raised to purified VmproA were shown to bind specifically to the 




















Active secretion of extracellular proteins by bacteria is an essential component of nutrient 
acquisition, adaptation to environmental change, quorum sensing, and virulence (Dautin 
and Bernstein, 2007).  Vibrio species have been observed to produce and secrete a wide 
variety of extracellular proteins, including toxins, deoxyribonulease (Focareta and 
Manning, 1987), haemagglutinin (Oishi et al., 1979; Finkelstein and Hanne, 1982), 
neuramidase and hydrolytic enzymes such as amylases (Oishi et al., 1979), agarases 
(Farrell and Crosa, 1991; Sugano et al., 1993; Araki et al., 1998), alginate lyases (Sawabe 
et al., 1998) and proteases (Sakurai et al., 1973; Marcello et al., 1996; Wang et al., 2007).   
 
Extracellular proteases are one of the most abundant proteins produced and secreted by 
Vibrio species (Marcello et al., 1996).  Vibrio extracellular proteases have been implicated 
as virulence factors involved in the degradation of host tissues (Farrell and Crosa, 1991).  
Therefore, research within this area has primarily focused on extracellular proteases 
produced by pathogenic Vibrio species such as V. cholerae (Häse and Finkelstein, 1991; 
Jobling and Holmes, 1997; Scott et al., 2001; Stewart-Tull et al., 2004), Vibrio vulnificus 
(Chuang et al., 1997), V. anguillarum (Inamura et al., 1985; Norqvist et al., 1990), 
Vibrio parahaemolyticus (Sudheesh and Xu, 2001), Vibrio pelagius (Farto et al., 2002), 
V. harveyi (Teo et al., 2003) and V. alginolyticus (Lee et al., 1997; Cai et al., 2007).   
 
The extracellular protease activity of several Vibrio species has been shown to be due to 
production and secretion of multiple proteases (Long et al., 1981; Farrell and Crosa, 1991; 
Wang et al., 2007).  The variety of extracellular proteolytic enzymes produced and 
secreted may depend on the source of the isolate, the bacterial strain itself, the growth 
medium and culture conditions (Morita and Kusuda, 1994).  A V. alginolyticus strain 
(Welton and Woods, 1973) has been observed to secrete a collagenase (Reid et al., 1980), 
six extracellular alkaline serine proteases (Hare et al., 1981; Hare et al., 1983; Deane et 
al., 1986) and an extracellular detergent resistant alkaline serine protease (Deane et al., 
1987b) during stationary phase growth (Hare et al., 1983).  Vibrio metschnikovii RH530 
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stable protease and a metalloprotease (Kwon et al., 1992).  V. vulnificus produces and 
secretes an extracellular metalloprotease (Miyoshi et al., 1987), an elastolytic protease 
(Kothary and Kreger, 1985; Kothary and Kreger, 1987) and a collagenase (Smith and 
Merkel, 1982). 
 
Serine extracellular proteases have been purified from Vibrio species, including 
V. alginolyticus strain Swy (Lee et al., 1997), V. anguillarum strain PT-81049 (Inamura et 
al., 1985), V. parahaemolyticus no. 93 (Lee et al., 2002) and Vibrio metschnikovii strains 
(Kwon et al., 1994; Mei and Jiang, 2005).  Many Vibrio species’ extracellular serine 
proteolytic enzymes have either been bulk purified from culture supernatant using ion-
exchange and/or gel-filtration chromatography (Lee et al., 1997; Lee et al., 2002; Mei and 
Jiang, 2005).  Alternatively, they have been heterologously expressed and purified from 
an E. coli host (Chung et al., 2001; Arnórsdóttir et al., 2002).   
 
Serine proteases are broadly characterised as being sensitive to PMSF and extracellular 
serine proteolytic enzymes purified from Vibrio species are no exception (Lee et al., 1997; 
Lee et al., 2002).  Many Vibrio species’ extracellular serine proteolytic enzymes have also 
been found to be resistant to detergents and denaturants, such as SDS, and have high 
activity over a broad pH and temperature range (Kwon et al., 1992; Chung et al., 2001; 
Mei and Jiang, 2005). 
 
3.2.1 Aim of this chapter 
 
The aim of this study was to obtain additional information regarding the growth and 
extracellular protease activity of V. midae SY9.  This will enable a better understanding of 
the production and secretion of extracellular proteolytic enzymes by V. midae SY9, 
thereby enhancing our understanding of their potential role in improving the digestion of 
V. midae SY9 supplemented protein-based artificial abalone diets.  A further aim of this 
study will be to purify the predominant extracellular protease, VmproA, from 
V. midae SY9 and to raise antibodies to purified VmproA.  These antibodies will in turn 
be employed (in Chapter 6) to attempt to visually localise VmproA within the digestive 
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3.3 Materials and Methods 
 
All media and solutions used in this study are listed in Appendix A. 
 
3.3.1 Growth and extracellular protease analysis of V. midae SY9 
 
The cell growth and extracellular protease activity of V. midae SY9 was investigated by 
conducting comparative growth curve analyses of V. midae SY9 in MB (Appendix A.1.1), 
P-MBM (Appendix A.1.3) and P-MBM supplemented with 0.2% (w/v) glucose 
(Appendix A.1.4).  V. midae SY9 cultures were grown for 12 hours in a 5 ml starter 
culture of MB, P-MBM and P-MBM supplemented with 0.2% glucose, respectively, on an 
orbital shaker (100 rpm) at 22 °C.  The whole volume of the starter cultures were 
inoculated into 100 ml MB, P-MBM and P-MBM supplemented with 0.2% glucose, 
respectively, and incubated at 22 °C for 16 hours on an orbital shaker (100 rpm).  These 
cultures were inoculated into three 5 litre conical flasks containing 1000 ml of culture 
medium, so as to achieve an initial A600 (Beckman Du

 530 Life science UV/VIS 
Spectrophotometer) of 0.02, and incubated at 22 ºC on an orbital shaker at 100 rpm.  
Triplicate samples were removed aseptically from the cultures at regular intervals for 
measuring cell growth (A600), and determination of extracellular protease enzyme activity 
and reducing sugar concentration.  The samples were centrifuged (13,000x g for 5 min at 
4 °C) to pellet the bacterial cells, and the supernatant fraction collected and stored at 
-20 °C for later analysis.  The reducing sugar concentration and the protease activity in the 
growth medium was determined using standard DNS (Miller, 1959) (Appendix B.23) and 
Azo-casein protease assays (Appendix B.22), respectively. 
 
3.3.2 Analysis of V. midae SY9 extracellular protease activity 
 
V. midae SY9 was cultured for 24 hours to stationary phase in 100 ml P-MBM 
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harvested by centrifugation (13,000x g for 10 minutes at 4 ºC), and the supernatant 
fraction (containing the protease) retained.  Protease containing samples were filtered 
through a syringe filter (0.22 µm, Whatman) to remove any remaining bacterial cells.  
Thereafter, the cell-free supernatant was treated with 2.5% (w/v) SDS (Appendix A.2.18) 
and 2% (v/v) glycerol (Appendix A.2.18), before being analyzed using conventional 
SDS-PAGE (Appendix B.19) and denaturing casein- and gelatine-zymograms (Heussen 
and Dowdle, 1980; Saborowski et al., 2004), as described in Appendix B.20.  
Electrophoresis was performed at 30 mA for 3 hours at 4 ºC in a Mighty Small II SE250 
(Hoefer Scientific Instruments).  Following electrophoresis, the SDS-PAGE gel was 
treated as described in Appendix B.19, while the gelatine- and casein-zymograms were 
performed as described in Appendix B.20.1 and B.20.2, respectively. 
 
3.3.3 Characterisation of V. midae SY9 extracellular protease activity 
 
The optimal pH for V. midae SY9 extracellular protease(s) activity was investigated.  
Determining the optimal pH conditions will facilitate purification of VmproA.  The effect 
of protease inhibitors on V. midae SY9 extracellular protease activity was also 
investigated to better characterise the extracellular proteases of V. midae SY9. 
 
3.3.3.1 Effect of pH on V. midae SY9 extracellular protease activity 
 
In order to establish the effect of pH on V. midae SY9 extracellular protease(s), protease 
activity was assayed across a range of pH values.  A V. midae SY9 culture was grown for 
approximately 24 hours in 5 ml of P-MBM (Appendix A.1.3) on an orbital shaker 
(100 rpm) at 22 °C.  The cells were harvested by centrifugation (13,000x g for 5 minutes 
at 4 ºC).  The cell-free supernatant was retained and stored on ice.  The Azo-casein 
protease assay (as described in Appendix B.22) was performed on the cell-free culture 
supernatant using a synthetic Azo-casein substrate (Appendix A.2.20) that had been 
adjusted to pHs of 5.5, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0.  A negative control was 
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calculated enzyme activity at that pH value.  Proteolytic activity was expressed as units of 
protease enzyme per ml of supernatant (U ml
-1
) at 37 °C. 
 
3.3.3.2 Effect of protease inhibitors on V. midae SY9 extracellular protease activity 
 
The effect of protease inhibitors on V. midae SY9 extracellular protease(s) was 
investigated by determining the change in protease activity following pre-incubation of 
the proteases in the presence of chemical agents relative to an untreated control sample.  
 
The effect of protease inhibitors on V. midae SY9 extracellular proteases was determined 
by performing the Azo-casein protease assay (as described in Appendix B.22) with 
protease containing supernatant (section 3.3.2) that had been pre-incubated with known 
concentrations of protease inhibitors.  The inhibitors, 1,10–phenanthroline (Sigma) 
(Appendix A.2.20), PMSF (Roche) (Appendix A.2.20), EGTA (Calbiochem) (Appendix 
A.2.3) and EDTA (Saarchem) (Appendix A.2.3) were added to the following final 
concentrations: 0.1, 0.5, 1.0, 5 and 10 mM, and pre-incubated together with the 
extracellular proteases for 15 minutes at 22°C prior to being assayed for protease activity.  
Control experiments were conducted to show that the ethanol used to dissolve the 
1,10-phenanthroline and PMSF stock solutions did not affect the protease activity.  
Protease activity was determined as a percentage of the untreated control with no 
inhibitors added. 
 
3.3.4 Purification of VmproA from V. midae SY9 culture supernatant 
 
All of the steps in the purification process were performed at 4 ºC, unless otherwise stated, 
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3.3.4.1 Ammonium sulphate precipitation of VmproA from V. midae SY9 culture 
supernatant 
 
A preliminary investigation of the optimal ammonium sulphate concentration for 
fractionation and precipitation of VmproA from V. midae SY9 culture supernatant was 
performed as follows.  A five milliliter starter culture of V. midae SY9 in P-MBM 
(Appendix A.1.3) was incubated at 22 ºC for 16 hours, before being inoculated into 1000 
ml P-MBM in order to achieve an initial A600 of 0.02.  The 1000 ml culture was 
subsequently incubated at 22 °C on an orbital shaker at 100 rpm for 24 hours.  The cells 
were harvested by centrifugation (13,000x g for 15 minutes at 4 °C), and the supernatant 
was collected and maintained in sterile glass bottles at 4 ºC.  The extracellular proteins in 
the supernatant were precipitated at 4 °C.  This was done by adding increasing amounts of 
solid ammonium sulphate (Merck) in 100 g increments in a stepwise fashion, in order to 
achieve the desired ammonium sulphate concentration in the protease-containing 
supernatant, i.e. 30, 40, 50, 60, 70, 80, and 90% (Englard and Seifter, 1990).  The solid 
ammonium sulphate was dissolved by gentle stirring at 4 °C.   
 
The protein precipitate at each ammonium sulphate concentration was collected by 
centrifugation (13,000x g for 30 minutes at 4 °C) and resuspended in 1 ml 
50 mM Tris-HCl, pH 9.0 (Appendix A.2.14).  The resuspended proteins were dialysed 
against 50 mM Tris-HCl, pH 9.0 at 4 °C for a period of 16 hours.  The proteolytic activity 
(Appendix B.22), A280 protein concentration (Nanodrop
®
 ND-100 spectrophotometer 
(Nano Drop Technologies, Inc.)), and volume of the dialysed sample was determined for 
each ammonium sulphate concentration. 
 
3.3.4.2 Purification of VmproA  
 
For the large-scale purification of VmproA, twelve 1000 ml V. midae SY9 cultures were 
grown in P-MBM (Appendix A.1.3) for 24 hours at 22 °C on an orbital shaker at 100 rpm 
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15 minutes at 4 °C) to pellet and remove the bacterial cells and any insoluble residues.  
The 12 liters of supernatant was collected in sterile glass bottles and maintained at 4 ºC.  
 
The supernatant was adjusted to a final ammonium sulphate concentration of 30% 
(164 g l
-1
) by adding solid ammonium sulphate in 100 g increments.  The solid ammonium 
sulphate was dissolved by stirring at 4 ºC.  The protein precipitate was collected by 
centrifugation (13,000x g for 20 minutes at 4 °C).  The supernatant was collected and 
adjusted to a final ammonium sulphate concentration of 90% (402 g l
-1
) by adding solid 
ammonium sulphate in 100 g increments.  The solid ammonium sulphate was dissolved by 
stirring at 4 ºC.  The protein precipitate was collected by centrifugation (13,000x g for 30 
minutes at 4 °C) and resuspended in 160 ml 50 mM Tris-HCl, pH 9.0.  The resuspended 
proteins were dialysed against 50 mM Tris-HCl, pH 9.0 for approximately 16 hours at 
4 °C.  
 
The following procedures were performed at 4 °C.  A DE-52 (Pre-swollen microgranular 
anion exchanger, Whatman

) column (26 x 40 cm) was prepared according to the 
manufacturer’s instructions.  Thereafter, the column was equilibrated with 
50 mM Tris-HCl, pH 9.0 (Appendix A.2.14).  The dialysed ammonium sulphate protein 
concentrate (90% final concentration) was loaded onto the packed column and allowed to 
pass through the column by gravity flow.  The loaded column was washed with 750 ml of 
50 mM Tris-HCl, pH 9.0.  The proteins were eluted from the column in a stepwise fashion 
with an increasing NaCl molarity gradient, i.e. 250 ml volumes of 0.05 M NaCl, 0.1 M 
NaCl, 0.25 M NaCl and 0.5 M NaCl (Appendix A.2.14) were passed through the column 
by gravity.  The eluted fractions (2 ml each) were collected with a 7000 Ultrorac

 fraction 
collector (LKB Bromma).  The proteolytic activity (Appendix B.22) and A280 protein 
concentration (Nanodrop
®
 ND-100 spectrophotometer (Nano Drop Technologies, Inc.)) 
were determined for every 5
th
 fraction.  The active fractions were pooled together and the 
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A Sephadex G-100 (Sigma

) column (25 x 100 cm) was prepared according to the 
manufacturer’s instructions.  Thereafter, the column was equilibrated with 
100 mM Tris-HCl (pH 9.0), 300 mM NaCl (Appendix A.2.14).  The concentrated active 
fraction (6 ml) was loaded onto the gel-filtration column and 3 ml fractions of the eluate 
were collected with a 7000 Ultrorac

 fraction collector (LKB Bromma).  The proteolytic 
activity (Appendix B.20) and A280 protein concentration (Nanodrop
®
 ND-100 
spectrophotometer (Nano Drop Technologies, Inc.)) were determined for every 5
th
 
fraction.  The active fractions were pooled together and the volume reduced with an 
Amicon
®
 U-15 concentration spin column (10,000 MW cut-off, Millipore) to a final 
volume of 3 ml. 
 
3.3.5 Characterisation of purified VmproA 
 
3.3.5.1 Determination of the optimum pH for purified VmproA activity 
 
The pH for optimal activity of purified VmproA was determined by performing the Azo-
casein protease assay (Appendix B.20) with purified VmproA enzyme and pH-adjusted 
Azo-casein synthetic substrates (Appendix A.2.20), within the pH range of 7.0, 8.0, 9.0, 
10.0 and 11.0.  A negative control was performed using each Azo-casein solution at a 
different pH and subtracted from the calculated enzyme activity at that pH value.  
Extracellular protease activity was determined by the Azo-casein protease assay 
(Appendix B.22) and the protein concentrations determined by the Bradford method 
(Appendix B.24).  Specific proteolytic activity was expressed as units of protease enzyme 
per mg of VmproA.  The reaction data was analyzed by paired Student t-tests using 
SigmaStat 3.11.0 (Systat Software, Inc.).  Statistically significant differences were 
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3.3.5.2 Zymogram and SDS-polyacrylamide gel electrophoresis 
 
Samples of V. midae SY9 culture supernatant, ammonium sulphate concentrated 
V. midae SY9 culture supernatant and purified VmproA protein were analyzed by 
conventional SDS-PAGE, on an 8% polyacrylamide gel according to the Laemmli method 
(Appendix B.19), and denaturing casein- and gelatine-zymograms (Heussen and Dowdle, 
1980; Saborowski et al., 2004) (Appendix B.20).  Electrophoresis was performed at 
30 mA for 3 hours at 4 ºC in a Mighty Small II SE250 (Hoefer Scientific Instruments).  
Following electrophoresis, the proteins were detected by a modified silver staining 
procedure (Appendix B.19.1), while the gelatine- and casein-zymograms were performed 
as described in Appendix B.20.1 and B.20.2, respectively. 
 
3.3.6 Production of polyclonal antibodies to the purified V. midae SY9 extracellular 
detergent resistant protease, VmproA. 
 
The production of polyclonal antibodies to the purified VmproA will provide another 
molecular tool to further investigate the V. midae SY9 protease. 
 
3.3.6.1 Preparation of antigen 
 
Purified VmproA was quantitated by the Bradford assay (Appendix B. 24) and diluted to a 
concentration of 0.5 mg ml
-1
.  Thereafter, the diluted protein sample was clarified by 
centrifugation (13,000x g for 30 minutes at 4 ºC).  The protein sample was then mixed in a 
1:1 ratio with Freud’s incomplete adjuvant (Appendix A.2.21) in a total volume of 1 ml 
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3.3.6.2 Rabbit antiserum 
 
A New Zealand White rabbit, older than ten weeks, was initially immunised (UCT Animal 
Ethics Committee approval - 04/034) with an intramuscular injection of 1 ml of antibody 
emulsion (section 3.3.6.1), as described by Rybicki (1979).  The rabbit was boosted with 
additional 1 ml injections of prepared antigen (section 3.3.6.1) at weekly intervals for 
another two weeks.  Thereafter, the rabbit was boosted with 1 ml injections of the antigen 
emulsion at 2 week intervals, so that the rabbit was immunised a total of five times.  The 
rabbit was bled from the marginal vein in the ear, prior to the initial immunization and 
then at weekly intervals following the third injection.  At each bleed, approximately 10 ml 
of blood was collected in a sterile beaker and allowed to clot.  The clotted blood was 
centrifuged and the antibody containing serum fraction was collected and aliquoted into 
sterile bottles, labelled and stored at -20 ºC.  
 
3.3.6.3 ELISA of anti-VmproA polyclonal antibodies 
 
An ELISA was performed to confirm the presence of anti-VmproA polyclonal antibodies 
in the rabbit serum obtained from the various bleeds (section 3.3.6.2).  Serum from each 
bleed (pre-bleed, bleed 1, bleed 2, bleed 3, bleed 4, pre-boost and post-boost) was tested 
for the presence of specific polyclonal antibodies to VmproA.  Each well of the polysorb 
ELISA plate (Nunc™) was coated with 100 µg of purified VmproA antigen and the 
ELISA was performed as described in Appendix B.15. 
 
3.3.6.4 Western hybridization analysis to confirm antibody specificity 
 
A Western hybridization analysis was performed in order to confirm the specificity of the 
anti-VmproA polyclonal antibodies.  Five millilitre cultures of E. coli JM109 (pMR11) in 
P-MBM (Appendix A.1.3) containing 100 µg ml
-1
 ampicillin (Appendix A.2.2) and 
V. midae SY9 in P-MBM were incubated at 22 ºC for approximately 16 hours on an 
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These 100 ml cultures were incubated at 22 ºC for 24 hours on a rotary shaker at 100 rpm.  
The cells were harvested by centrifugation (13,000x g for 15 minutes at 4 ºC) and the 
supernatant fractions were collected.  The supernatant fractions were adjusted to a final 
ammonium sulphate concentration of 90% with 60.3 g of solid ammonium sulphate at 
4 ºC, as described in section 3.3.4.1.  The protein precipitates were harvested by 
centrifugation (13,000x g for 40 minutes at 2 ºC) and resuspended in one ml of 
50 mM Tris-HCl (pH 9.0) (Appendix A.2.14).   
 
The harvested E. coli JM109 (pMR11) cells were resuspended in 50 mM Tris-HCl 
(pH 9.0) (Appendix A.2.14) and sonicated (four pulses of 20 seconds each, with 20 second 
pauses in-between; Virsonic Sonicator; as described in Appendix B.14) to obtain cell 
extracts.  Insoluble cell debris was removed by centrifugation (13,000x g for 5 minutes at 
4 ºC) and the supernatant containing soluble intracellular proteins was retained at 4 ºC.  
Soluble E. coli JM109 (pMR11) cell extracts and the ammonium sulphate precipitated 
supernatant fractions of E. coli JM109 (pMR11) and V. midae SY9 were dialysed against 
10 litres of 50 mM Tris-HCl (pH 9.0) (Appendix A.2.14) for 16 hours at 4 ºC.  
 
The soluble intracellular and precipitated extracellular protein fractions of E. coli JM109 
(pMR11), the precipitated extracellular protein fraction of V. midae SY9, and purified 
VmproA were separated on a 8% denaturing polyacrylamide gel (Appendix B.19) and 
transferred to nitrocellulose membrane (Protran) using a Bio-Rad electro-transfer 
apparatus as described in Appendix B.21.1.  The IgG fraction of anti-VmproA polyclonal 
antibodies was purified from the serum obtained from the final (post-boost) bleed 
(Appendix B.16) and pre-absorbed (Appendix B.17) against E. coli JM109 soluble 
intracellular protein extracts, prepared as described in Appendix B.14.  Western blot 
analysis was performed using the IgG-purified, pre-absorbed anti-VmproA polyclonal 















3.4.1 The effect of culture conditions on V. midae SY9 growth and extracellular 
protease production 
 
The effect of the growth medium and incubation temperature on the growth and 
extracellular protease activity of V. midae SY9 was assessed in a series of shake flask 
growth curve analyses (Figs. 3.1 to 3.4.).  
 
 
Figure 3.1 The growth profile of V. midae SY9 during shake flask cultivation in MB 
at 22 ºC.  Cell growth was monitored by absorbance (600 nm) readings (■), 
while the alkaline protease activity (■) and reducing sugar concentration 
(■) within the culture supernatant were determined using standard assays.  
The vertical error bars represent the mean ± standard error. 
 
When V. midae SY9 was cultured in MB at 22 ºC there was a brief lag phase, followed by 
a period of exponential growth (Fig. 3.1).  During this period, there was a rapid decrease 
in the reducing sugar content of the growth medium, until the reducing sugar 
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Thereafter, the culture began to enter stationary phase and the reducing sugar 
concentration within the culture supernatant remained around 2 mM throughout the 
remainder of the growth analysis.  There was no significant increase in the levels of 
extracellular protease activity over the course of the growth curve analysis.  The 
V. midae SY9 culture achieved a maximum biomass yield of approximately 1.9 A600 units 
after 30 hours of growth.  When V. midae SY9 was cultured in P-MBM at 22 ºC (Fig. 3.2), 
there was a more gradual growth profile than was observed for V. midae SY9 cultivation 
in MB at 22 ºC (Fig. 3.1).  V. midae SY9 cultured in P-MBM also achieved a higher cell 
biomass after 26 hours of growth (Fig. 3.2) than the culture grown in MB (Fig. 3.1).  The 
reducing sugar concentration within the P-MBM culture medium was rapidly depleted 
during the initial growth phase to a level of approximately 0.9 mM, and remained at this 
level for the duration of the growth analysis (Fig. 3.2).  The V. midae SY9 culture in 
P-MBM at 22 ºC did not enter stationary phase, as was observed when V. midae SY9 was 
cultivated in MB at 22 ºC (Fig. 3.1), but instead continued to grow at a slower growth rate 
for the remainder of the growth analysis (Fig. 3.2).  Extracellular protease activity began 
to increase from 9 hours of growth towards the latter part of the exponential growth phase, 
with the highest level of approximately 10 U ml
-1
 detected at 26 hours of growth. 
 
The growth rate was dramatically increased when V. midae SY9 was cultured in P-MBM 
at 37 ºC (Fig. 3.3).  The V. midae SY9 culture achieved a maximum biomass yield of 
2.5 A600 units after 9.5 hours.  The available reducing sugars within the P-MBM culture 
medium was reduced within the first hour of growth to a level of approximately 0.75 mM, 
where it remained for the duration of the growth analysis.  The extracellular protease 
activity levels began to increase between 2 and 4 hours of growth, reaching the highest 
level of approximately 2.5 U ml
-1




















Figure 3.2 The growth and alkaline protease activity profiles of V. midae SY9 during 
shake flask cultivation in P-MBM at 22 ºC.  The cell growth was monitored 
by absorbance (600 nm) readings (■), while the alkaline protease activity 
(■) and reducing sugar concentration (■) within the culture supernatant 
were determined using standard assays.  The vertical error bars represent 
the mean ± standard error. 
 
Figure 3.3 The growth and alkaline protease activity profiles of V. midae SY9 during 
shake flask cultivation in P-MBM at 37 ºC.  The cell growth was monitored 
by absorbance (600 nm) readings (■), while the alkaline protease activity 
(■) and reducing sugar concentration (■) within the culture supernatant 
were determined using standard assays.  The vertical error bars represent 
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The highest growth rates and biomass yields were obtained when V. midae SY9 was shake 
flask cultured in P-MBM supplemented with 0.2% glucose (Appendix A.1.4) at 37 ºC 
(Fig. 3.4).  The brief initial lag phase of approximately 1 hour was followed by an 
exponential growth phase of approximately 2 hours, during which the V. midae SY9 
culture achieved a biomass of approximately 2.5 A600 units.  The V. midae SY9 shake 
flask culture reached a maximum biomass yield of approximately 4.9 A600 units after 
12 hours of growth.  The available reducing sugar within the culture medium was utilized 
by the rapidly growing V. midae SY9 culture, decreasing from an initial concentration of 9 
mM, to a concentration of approximately 1.2 mM after 4 hours of growth.  The levels of 
extracellular protease activity began to increase after 5 hours of growth, with the highest 
activity of 4.4 U ml
-1
 being observed after 11 hours of growth.  
 
 
Figure 3.4 The growth and alkaline protease activity profiles of V. midae SY9 during 
shake flask cultivation in P-MBM containing 0.2% glucose at 37 ºC.  The 
cell growth was monitored by absorbance (600 nm) readings (■), while the 
alkaline protease activity (■) and reducing sugar concentration (■) within 
the culture supernatant were determined using standard assays.  The 
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3.4.2 Zymogram of V. midae SY9 extracellular protease activity 
 
The Azo-casein alkaline protease assay of V. midae SY9 culture supernatant samples from 
the growth analysis (Figs. 3.1 to 3.4) provides an indication of the protease activity of the 
enzyme(s) contained within the supernatant fraction.  However, as previously discussed, 
Vibrio species have the ability to secrete a wide variety of extracellular proteolytic 
enzymes.  In order to ascertain the relative contributions of the V. midae SY9 extracellular 
protease(s) to the total extracellular protease activity, the V. midae SY9 stationary phase 
culture supernatant was investigated by SDS-PAGE analysis, denaturing gelatine-SDS-













Figure 3.5 Gelatine-SDS-PAGE zymogram of culture supernatant from a 
V. midae SY9 24 hour culture in P-MBM.  The relative positions of the 
three detected proteases A, B and C are indicated by the lines. 
 
V. midae SY9 supernatant from a stationary phase culture had a distinctive extracellular 
protease activity profile, with three protease bands (A, B and C) detected in the 
V. midae SY9 culture supernatant after growth in P-MBM at 22 ºC (Fig. 3.5).  A broad 
band of proteolytic activity was observed streaking downwards from the top of the gel 
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extracellular protease.  Two apparently minor proteases (proteases B and C) were also 












Figure 3.6 Casein-SDS-PAGE zymogram of culture supernatant from a V. midae SY9 
24 hour culture in P-MBM.  The relative positions of the two detected 
proteases A and B are indicated by the lines and the relative sizes are 
shown in kDa. 
 
An accurate molecular weight for protease A could not be determined from the gelatine 
zymogram of V. midae SY9 culture supernatant due to the detergent-stable nature of the 
enzyme.  Therefore, in order to obtain a more accurate measurement of the molecular 
weight of protease A, the culture supernatant was investigated on a casein zymogram 
(Fig. 3.6).  The proteins within the culture supernatant were resolved by SDS-PAGE, 
before the gel was cut in half.  One half was impregnated with casein substrate, and the 
protease(s) detected by negative staining.  Silver staining of the other portion of the SDS-
polyacrylamide gel revealed the molecular weight markers, but no protein bands were 
detected in the V. midae SY9 culture supernatant (data not shown).  The bacterial 
supernatant fraction contains very low concentrations of protease protein, and these 
proteins can usually only be detected using sensitive zymography techniques 
(Deane, 1989; Kim et al., 2007).  Two proteases of approximately 40 and 30 kDa were 
observed on the casein zymogram (Fig. 3.6).  The predominant 40 kDa protease observed 
on the casein zymogram may be protease A initially identified on the gelatine zymogram 
A - 40 kDa 
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(Fig. 3.5), while the minor 30 kDa protease band (Fig. 3.6) may correspond to protease B 
(Fig. 3.5). 
 
3.4.3 Characterisation of V. midae SY9 extracellular protease activity 
 
The supernatant from a 24 hour V. midae SY9 culture was investigated to determine the 
optimal pH of the V. midae SY9 extracellular protease(s).  The optimal pH of the 
V. midae SY9 protease containing supernatant was approximately pH 9.0 (Fig. 3.7).   
 
 
Figure 3.7 Effect of pH on V. midae SY9 extracellular protease(s) activity at 37 ºC.  
Buffers were 100 mM MES (pH 5.5 - 7.0) (■), 100 mM Tris (pH 7.0 - 9.0) 
(■) and CAPS (pH 9.0 - 11.0) (■).  Data represents the mean ± standard 
error. 
 
The effect of several protease inhibitors on protease activity of V. midae SY9 supernatant 
















Figure 3.8 Effect of protease inhibitors on the protease activity of V. midae SY9 
culture supernatant.  V. midae SY9 supernatant was pre-incubated with 
increasing concentrations (mM) of 1,10-Phenanthroline (■), EDTA (■), 
EGTA (■) and PMSF (■).  Residual alkaline protease activity was 
determined as a percentage of an untreated control sample. 
 
Pre-treatment of V. midae SY9 enzyme containing supernatant with 1,10-phenanthroline 
did not affect the residual extracellular protease activity.  The divalent metal cation-
chelating agent EDTA, caused a slight reduction in the V. midae SY9 extracellular 
protease activity levels (Fig. 3.8).  The most significant reduction in residual protease 
activity, of approximately 16.6%, was observed when V. midae SY9 culture supernatant 
was pre-incubated with 10 mM EDTA.  Pre-treatment of V. midae SY9 supernatant with 
the Ca
2+
-chelating agent EGTA, resulted in significant reductions in residual extracellular 
protease activity over the range of EGTA concentrations assessed in this study.  A 55.7% 
inhibition of residual V. midae SY9 extracellular protease activity was detected when the 
culture supernatant was pre-treated with 10 mM EGTA.  Pre-treatment with the serine 
protease inhibitor PMSF, resulted in 86.8% (0.1 mM PMSF) to 98.1% (10 mM PMSF) 






































3.4.4 Purification and characterisation of VmproA from V. midae SY9 culture 
supernatant 
 
In order to determine the optimal ammonium sulphate concentration that would result in 
the precipitation of most of the protease proteins within the culture supernatant, a 
preliminary ammonium sulphate precipitation was conducted (Fig. 3.9).  Most of the 
V. midae SY9 extracellular protease proteins within the culture supernatant were 
precipitated between 50 and 90% ammonium sulphate saturation.  There was very little 
protease detected within the 30% ammonium sulphate precipitate. 
 
 
Figure 3.9 Protease activity of precipitated and dialysed ammonium sulphate protein 
fractions of V. midae SY9 culture supernatant.  Data represents the mean 
± standard error. 
 
Therefore, to reduce particulate matter, contaminating large aggregates of proteins and 
denatured proteins that would be co-precipitated and carried through from the bulk harvest 
of V. midae SY9 extracellular proteins to the subsequent fine fractionation steps, a 30% 
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A total of 12 liters of culture supernatant obtained from a 24 hour V. midae SY9 P-MBM 
culture was initially cut with 30% ammonium sulphate.  The protein precipitate was 
pelleted by centrifugation and discarded, while the supernatant fraction was retained.  The 
supernatant fraction was saturated with solid ammonium sulphate to 90% ammonium 
sulphate and the V. midae SY9 protease protein containing precipitate harvested.  The 
protein precipitate was resuspended in 50 mM Tris-HCl, pH 9.0, and dialysed against the 
same buffer to remove any contaminating salts, before being passed through a DE-52 ion-
exchange column (Fig. 3.10). 
 
 
Figure 3.10 Elution profile of V. midae SY9 culture supernatant that had been bulk 
purified by ammonium sulphate precipitation and passed through a DE-52 
ion-exchange column.  A, Loading the column with the active concentrate; 
B, washing with 50 mM Tris-HCl, pH 9.0; C, 1
st
 elution (50 mM NaCl); D, 
2
nd
 elution (100 mM NaCl); E, 3
rd
 elution (250 mM NaCl); F, 4
th
 elution 
(500 mM NaCl).  Alkaline protease activity (■) is expressed as units of 
protease enzyme per ml (U ml
-1
) at 37 °C and the protein concentration (■) 
was determined by measuring the absorbance at 280 nm (A280).  Data 
represents the mean ± standard error.   
 
The active fractions (175 to 195) were collected off the DE-52 ion-exchange column 
(Fig. 3.10), concentrated by Amicon ultrafiltration and subjected to a Sephadex G-100 
gel-filtration column (Fig. 3.11).  Once again, the active fractions (35 to 55) were 
































































Figure 3.11 Elution profile of V. midae SY9 culture supernatant that has been bulk 
purified by ammonium sulphate precipitation, ion-exchange 
chromatography and passed through a Sephadex G-100 gel-filtration 
column.  Alkaline protease activity (■) is expressed as units of protease 
enzyme per ml (U ml
-1
) at 37 °C and the protein concentration (■) was 
determined by measuring the absorbance at 280 nm (A280).  Data represents 
the mean ± standard error.   
 
The concentrated culture supernatant bulk purified using ammonium sulphate 
precipitation and the concentrated active fractions resolved by gel-filtration 
chromatography were analyzed by SDS-PAGE (Fig. 3.12).  A single protein species of 
approximately 40 kDa was purified from the V. midae SY9 culture supernatant 
(Fig. 3.12 A, lane 2), and was shown to be a protease on a casein (Fig. 3.12 B, lane 2) and 
a gelatine zymogram (Fig. 3.12 C, lane 1).  This corresponds to the size of the 
predominant, detergent-resistant extracellular protease detected in the supernatant of 
V. midae SY9 (Fig. 3.5 and 3.6).  The purified protease protein represented a 
4.2% recovery and 28.3-fold purification from the 12 liters of V. midae SY9 culture 
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Table 3.1 Summary of the purification of VmproA 
 













Culture supernatant 807.3 38400 47.6 100 1 
Ammonium sulphate 
preparation 
115.7 26800 231.6 69.8 4.9 
DE-52 17.7 14190 803.1 37.0 16.9 


















Figure 3.12 SDS-PAGE (A), casein zymogram (B) and gelatine zymogram (C) analysis 
of the ammonium sulphate concentrated V. midae SY9 culture supernatant 
(A and B, lane 1) and the final concentrated purified VmproA protease 
protein (A and B, lane 2; C lane 1).  The protein bands were detected on the 
SDS-PAGE gel by silver staining (A), and the corresponding protease 
activity bands were detected by negative staining with coomassie stain (B) 
and Amido black (C).  The lines represent the approximate sizes, in kDA, 
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The protease activity of purified VmproA was significantly (P<0.05) higher between pH 9 
and 10 (Fig. 3.13).  Therefore, the optimal pH for the V. midae SY9 extracellular detergent 
resistant protease is in the alkaline range, between 9 and 10.   
 
 
Figure 3.13 The effect of pH on the activity of purified VmproA.  Protease activity is 
expressed as units of protease enzyme per mg of VmproA (U mg
-1
).  Data 
represents the mean ± standard error.  Different postscripts indicate a 
significant difference (P<0.05) between sample means. 
 
3.4.5 Polyclonal antibodies raised to purified VmproA 
 
An ELISA was performed to determine which bleed contained the highest titre of 
anti-VmproA polyclonal antibodies.  Serial dilutions of the anti-serum obtained from each 
bleed were used in conjunction with equal quantities (100 µg) of purified VmproA protein 
in the ELISA.  No signal was detected for the pre-immunization bleed (Fig. 3.14 A), while 
increasing signal levels indicated increasing amounts of anti-VmproA antibodies were 
detected in the serum of the subsequent bleeds (Fig. 3.14 B-G).  The highest titre of anti-
VmproA polyclonal antibodies was detected in the serum obtained from the post-boost 






































































Figure 3.14 An ELISA performed to determine which bleed (A to G) had the highest 
titre of anti-VmproA polyclonal antibodies.  A) Pre-immunization bleed; 
B) Post-immunization bleed 1; C) Post-immunization bleed 2; D) Post-
immunization bleed 3; E) Post-immunization bleed 4; F) Pre-boost bleed; 
and G) Post-boost (final) bleed.  An equal (100 µg) amount of purified 
VmproA was used to coat the wells of the ELISA microtitre plate.  The 
ELISA was read on a TitreTek Multiscan Machine (405 nm) and after 
taking the dilution factor into account, converted to a relative fluorescence 
value. 
 
The specificity of the anti-VmproA polyclonal antibodies was assessed by western blot 
analysis (Fig. 3.15).  The soluble intracellular and extracellular protein fractions of 
E. coli JM109 (pMR11), the extracellular protein fraction of V. midae SY9 and the 
purified VmproA protein were separated on a 8% SDS-PAGE before being transferred to 
nitrocellulose membrane and subjected to western blot analysis using the post-boost 
(final) bleed anti-serum. 
 
Western blot analysis showed that the anti-VmproA polyclonal antibodies recognized and 
bound to purified VmproA (Fig. 3.15, lane 5).  The anti-VmproA antibodies also bound to 
VmproA within the culture supernatant (Fig. 3.15, lane 3) of V. midae SY9 cultivated in 
P-MBM.  Anti-VmproA antibodies identified the V. midae SY9 detergent resistant 
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V. midae SY9 protease clone, pMR11 (Chapter 2; Fig. 3.15, lane 2).  However, 
anti-VmproA did not recognize or bind to proteins in the extracellular fraction of 






Figure 3.15 Western blot analysis of the specificity of polyclonal antibodies raised to 
VmproA.  Lane 1, ammonium sulphate precipitated extracellular proteins 
of E. coli JM109 (pMR11); lane 2, soluble intracellular proteins of 
E. coli JM109 (pMR11); lane 3, ammonium sulphate precipitated 
extracellular proteins of V. midae SY9; lane 4, empty and lane 5, purified 
VmProA.  A total of 10 µg of each of the ammonium sulphate and soluble 
cell extract protein samples, and 150 ng of purified VmproA, were loaded 
on the polyacrylamide gel.  
 















V. midae SY9 cell growth and regulation of extracellular protease production was 
investigated in different growth media and at two different culture temperatures.  When 
V. midae SY9 was cultured in P-MBM the extracellular protease activity was evident 
towards the latter stages of exponential growth.  This may indicate that expression of 
V. midae SY9 extracellular alkaline proteases may be growth phase dependent.  
Repression of extracellular enzyme production during the exponential growth phase is a 
feature of many extracellular enzymes (Pollock, 1962), of which, extracellular proteases 
are no exception (Watanabe et al., 2004).   
 
V. midae SY9 was observed to grow at increased growth rates under increasing culture 
incubation temperatures and when cultured in growth media containing casamino acids 
and glucose, as compared to the observed growth rate of V. midae SY9 at 22 ºC in 
P-MBM.  Extracellular protease activity was detected in the supernatant of V. midae SY9 
cultivated in an inducing growth medium at incubation temperatures of both 22 and 37 ºC.  
While the growth rate of V. midae SY9 was increased by increasing the incubation 
temperature, the observed extracellular protease activity was lower at 37 ºC than at 22 ºC.  
Similarly, expression of the extracellular proteolytic enzymes secreted by a 
V. alginolyticus strain were affected by increased incubation temperature (Deane et al., 
1987b).  Synthesis of two minor extracellular proteases was lowered when the 
V. alginolyticus strain was cultured at 37 ºC.   
 
The presence and concentrations of specific nutrients within the microbial extracellular 
environment play a key role in controlling the production of extracellular proteins in terms 
of both induction and repression of these proteins.  Repression of extracellular protein 
production is often controlled by end-product inhibition and catabolite repression (Glenn, 
1976).  In particular, extracellular protease production has in many cases been shown to be 
influenced by various carbon sources, especially by high concentrations of glucose in the 
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nitrogen sources in the case of end-product repression (Glenn, 1976; Hare et al., 1981).  
The lack of detectable extracellular protease activity when V. midae SY9 was cultivated in 
marine broth may be due to the presence of casamino acids and/or glucose within the 
culture medium, suggesting that synthesis of V. midae SY9 extracellular protease(s) may 
be regulated by catabolite and/or end-product repression.  Gene expression studies using 
real-time RT-PCR in vitro and in vivo could be performed in order to further identify and 
confirm the V. midae SY9 extracellular protease regulatory mechanisms.  In particular, in 
vivo investigation of the regulation and expression of V. midae SY9 extracellular 
protease(s) within the digestive tract of cultured H. midae would provide invaluable 
information to researchers investigating the role of V. midae SY9 extracellular protease(s) 
in the observed probiotic effect on cultured abalone (Macey and Coyne, 2005).  
 
Zymography is a commonly employed method to detect and investigate proteolytic 
enzymes (Deane et al., 1987a; Deane et al., 1987b; Raser et al., 1995; Shi et al., 1997; 
Thangam and Rajkumar, 2002; Venugopal and Saramma, 2006; Kim et al., 2007; 
Chougule et al., 2008).  Gelatine zymogram analysis of cell-free culture supernatant of 
V. midae SY9 grown in a protease inducing growth medium (P-MBM), resulted in the 
detection of three extracellular proteases.  The predominant protease, designated protease 
A, produced a broad band of streaking when electrophoresed through the gelatine-SDS-
PAGE zymogram.  Similarly, V. alginolyticus (Deane et al., 1987a; Deane et al., 1987b) 
and V. metschnikovii (Kwon et al., 1995) have been shown to produce proteases capable 
of hydrolysing gelatine in the presence of a denaturing surfactant while being 
electrophoresed through a polyacrylamide gel.  Since a similar pattern was observed for 
V. midae SY9 culture supernatant it has been concluded that the broad band of streaking 
was due to proteolytic digestion of the co-polymerised gelatine substrate as the proteases 
were electrophoresed through the gelatine-SDS-polyacrylamide gels.  Based on the high 
degree of identity between VmproA and the V. alginolyticus detergent-resistant alkaline 
serine exoprotease, ProA, it was previously hypothesized (Chapter 2) that vmproA 
encodes an alkaline detergent-stable extracellular serine protease.  Hence, VmproA is 
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The predominant 40 kDa protease detected on the casein zymogram of V. midae SY9 
culture supernatant may represent the detergent-resistant protease A, and therefore 
VmproA, observed on the gelatine zymogram, while the 30 kDa protease detected on the 
casein zymogram may represent protease B.  The minor protease, designated protease C, 
was only detected on the very sensitive gelatine-SDS-PAGE zymogram.  Gelatine-
zymography was utilised by Kim et al. (2007) to detect V. vulnificus extracellular protease 
VvpE more efficiently and sensitively than other methods, including skim milk 
zymography.  Gelatine-zymography indicates that protease A is the predominant 
extracellular alkaline protease within the V. midae SY9 supernatant when cultured under 
these growth conditions, and that the two minor proteases contribute a significantly lower 
proportion of the observed extracellular protease activity.  The production and secretion of 
multiple extracellular proteases by V. midae SY9 is not unexpected, as several Vibrio 
species have been observed to produce and secrete multiple extracellular proteases (Long 
et al., 1981; Farrell and Crosa, 1991; Kwon et al., 1992; Wang et al., 2007).  Of these 
Vibrio species, the predominant extracellular SDS-resistant alkaline proteases of 
V. alginolyticus (Deane et al., 1987b) and V. metschnikovii (Kwon et al., 1995) have been 
cloned and expressed in E. coli HB101.  
 
The nucleotide sequence of the V. midae SY9 vmproA gene encodes a predicted 56 kDa 
protein (Chapter 2).  However, the apparent molecular mass of the mature VmproA was 
shown to be approximately 40 kDa from a casein zymogram.  Based on the deduced 
amino acid sequence of VmproA and the three conserved domains within the protease 
protein (Chapter 2), VmproA possibly represents a protein with the signal sequence 
cleaved off and processed N- and/or C-terminal domains.  A subtilase gene isolated from 
Vibrio strain PA44 encoded a 530 amino acid precursor protein with a predicted molecular 
mass of 55.7 kDa (Arnórsdóttir et al., 2002).  However, the active enzyme was processed 
to remove a 139 amino acid N-terminal pro-sequence, and had a molecular weight of 40.6 
kDa.  The Vibrio strain PA44 subtilase could be further processed to produce a fully active 
29.7 kDa proteolytic enzyme.  Therefore, cleavage of the C-terminal domain and the N-
terminal domain from the VmproA peptide could result in an active protease protein, as 










CHAPTER 3:   Purification and partial characterisation of VmproA 
 
94 
41.0 kDa, depending on the position of the cleavage site between the subtilisin N-terminal 
and catalytic domains.  However, the position of the cleavage site would need to be 
confirmed by peptide sequencing of the V. midae SY9 pre-pro-peptide and the VmproA 
active protease protein.   
 
Based on gelatine zymogram analysis of culture supernatant from V. midae SY9 cultivated 
in protease inducing growth media, it is apparent that V. midae SY9 secretes at least three 
extracellular proteases, of which VmproA is the major protease.  In order to identify the 
genes responsible for the observed minor extracellular proteases, future work may involve 
screening the previously constructed V. midae SY9 genomic library (Taylor, 2002) for 
additional extracellular protease clones.   
 
The proteolytic enzymes within the supernatant of V. midae SY9 cultured in a protease-
inducing growth medium were investigated to gain a better understanding of the optimal 
reaction conditions and facilitate the purification of VmproA.  The secreted V. midae SY9 
extracellular proteases were active across a neutral to alkaline pH range, however, the 
optimal reaction pH was 9.0.   
 
The loss of protease activity following EDTA and EGTA treatment indicates that the 
V. midae SY9 extracellular protease(s) require divalent metal cations as co-factors for 
activity.  The enzyme activity of a purified V. metschnikovii DL 33-51 alkaline protease 
was similarly decreased by 40% following treatment with 2 mM EDTA (Mei and Jiang, 
2005).  In the same way, a purified V. anguillarum extracellular protease was substantially 
inhibited following pre-treatment with EDTA (Inamura et al., 1985).  Inhibition following 
treatment with metal chelating agents, such as EDTA and EGTA, is considered indicative 
of metalloproteases (Coleman and Vallee, 1960) which require metal ions as co-factors for 
enzyme activity.  However, EDTA and EGTA treatment may result in inhibition of 
subtilisin-like proteases, as many of these enzymes bind calcium-ions for stability.  
V. midae SY9 extracellular protease activity was unaffected by treatment with 
o-phenanthroline which is a metalloprotease inhibitor (McConn et al., 1964) and was 
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a partially purified V. alginolyticus extracellular proteolytic enzyme as an alkaline serine 
protease on the basis that it had optimal activity at pH 10 and was strongly inhibited by 
PMSF.  Therefore, I propose that the extracellular protease VmproA responsible for the 
majority of the alkaline protease activity observed in the extracellular fraction of 
V. midae SY9 is a serine protease. 
 
The V. midae SY9 secreted detergent resistant protease was purified 28.3-fold from 
culture supernatant to apparent homogeneity by a combination of ammonium sulphate 
precipitation, ion-exchange chromatography and gel-filtration chromatography.  Inamura 
et al. (1985) purified a V. anguillarum extracellular protease 2.3-fold, with a purification 
yield of 18%, using a combination of ammonium sulphate precipitation and gel-filtration 
chromatography.  The purification yield achieved by Inamura et al. (1985) was higher 
than that achieved in the current study.  VmproA purification was performed at 4 ºC in an 
attempt to reduce and/or prevent autocatalytic degradation, particularly as the purification 
procedure involved an additional ion-exchange chromatographic step that was not 
employed by Inamura et al. (1985).  However, despite performing the purification at 4 ºC, 
the lower purification yield achieved in this study may have been the result of loss of 
protease proteins during the precipitation and concentration steps and/or autocatalytic 
degradation of VmproA during the course of the purification procedure. 
 
The molecular weight of the purified protease VmproA was approximately 40 kDa on a 
SDS-PAGE and a casein-zymogram which corresponds to the size of the predominant 
extracellular protease detected in the culture supernatant.  The molecular mass is slightly 
above that of microbial alkaline proteases which are generally within the range of 
15-36 kDa (Beg and Gupta, 2003).  The reported molecular weights of Subtilisin 
Carlsberg from B. licheniformis (Jacobs et al., 1985) and Subtilisin BPN’ produced by 
B. amyloliquifaciens (Wells et al., 1983) are 27.3 and 27.5 kDa, respectively.  However, 
higher molecular weight microbial extracellular alkaline proteases have been identified, 
including a 45, a 54 and a 90 kDa protease produced and secreted by V. metschnikovii 
strain RH530 (Kwon et al., 1994), V. alginolyticus (Deane et al., 1987b) and 
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proteolytic enzyme VapT and the 54 kDa protease ProA produced and secreted by 
V. metschnikovii strain RH530 (Kwon et al., 1994) and V. alginolyticus (Deane et al., 
1987b), respectively, are SDS-stable extracellular proteolytic enzymes.   
 
Purified VmproA was observed to have an optimal pH profile of between 9 and 10.  
Therefore, VmproA is an alkaline serine protease as the optimal pH range of alkaline 
proteases is generally between 8.0 and 11.0 (Durham et al., 1987; Kumar et al., 1999; 
Beg and Gupta, 2003). 
 
The polyclonal antibodies raised to the extracellular alkaline serine protease VmproA, 
purified from V. midae SY9, specifically cross-reacted with the 40 kDa purified VmproA 
and VmproA secreted by V. midae SY9.  The 40 kDa band was the only protein detected 
within the ammonium sulphate concentrated fraction of V. midae SY9 culture supernatant.  
Therefore, the anti-VmproA polyclonal antibodies do not cross-react with the two other 
proteases that were observed to be produced and secreted by V. midae SY9 on a gelatine 
zymogram.  The anti-VmproA polyclonal antibodies also cross-reacted with the 
intracellular fraction of E. coli JM109 harbouring the recombinant plasmid pMR11 which 
contains the cloned vmproA gene.  However, anti-VmproA polyclonal antibodies did not 
recognize any proteins within the ammonium sulphate concentrated fraction of 
E. coli JM109 (pMR11) culture supernatant.  Häse and Finkelstein (1991) observed that 
E. coli harbouring a recombinant plasmid containing a cloned V. cholerae hap gene did 
not recognize the V. cholerae transcription and/or translation signals as it did not display 
an extracellular proteolytic phenotype or display specific bands on western blots.  
Although many Vibrio genes encoding extracellular proteins have been cloned into E. coli 
strains, many of the proteins encoded by these cloned genes were not actively secreted and 
instead accumulated within the E. coli cells (Pearson and Mekalanos, 1982; Mercurio and 
Manning, 1985; Nishibuchi and Kaper, 1985; Taniguchi et al., 1985; Howard and 
Buckley, 1986; Focareta and Manning, 1987).  It has been suggested that Vibrio species 
may have a specific protein secretory mechanism that is not found in E. coli (Ichige et al., 
1988).  As VmproA was only detected by western blot analysis within the E. coli 
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for E. coli JM109 harbouring pMR11 and pProH3 (Chapter 2) may not have been the 
result of active secretion of the cloned V. midae SY9 protease.  Instead, the observed 
extracellular phenotype of these E. coli JM109 transformants may be due to intracellular 
accumulation of VmproA.  This may have resulted in the cell membrane of E. coli JM109 
cells becoming compromised and ‘leaky’, leading to release of protease protein in an 
uncontrolled manner and hydrolysis of the skim milk within the solid growth medium 
surrounding the E. coli JM109 (pMR11) and E. coli JM109 (pProH3) colonies 
(Chapter 2). 
 
Purification of VmproA from V. midae SY9 culture supernatant has enabled further 
biochemical characterisation of this proteolytic enzyme as an alkaline protease, and has 
complemented the data obtained from bioinformatic analysis of the sequenced vmproA 
gene (Chapter 2).  The subsequent raising of specific polyclonal antibodies to the purified 
protein has provided a valuable molecular tool that will be employed (Chapter 6) to 
investigate the presence and location of VmproA within regions of the digestive tract of 
juvenile H. midae fed V. midae SY9 supplemented ABFEED
®
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The V. midae SY9 detergent resistant extracellular protease, VmproA, may play a role in 
the previously observed growth advantage of cultured abalone following probiotic dietary 
supplementation, by improving the protein digestion efficiency of the abalone host.  
Therefore, the detergent-stable protease gene, vmproA, was targeted for gene 
mutagenesis, through vmproA gene duplication and disruption, using recombinant 
pGP704 suicide vectors.  The vmproA gene was duplicated within the V. midae SY9 
genome by recombination of the recombinant suicide vector pGPro.Cm into the vmproA 
gene.  The vmproA gene was insertionally inactivated by integration of the recombinant 
suicide vector pGP13.Cm into the vmproA gene within the V. midae SY9 genome.  The 
V. midae SY9 insertionally inactivated mutant was complemented by integration of the 
recombinant suicide vector pGPro.Km, containing a full-length copy of vmproA, into the 
chromosome of the V. midae SY9 mutant strain.  The vmproA gene duplication, 
disruption, and complementation did not significantly influence the growth of the mutant 
strains in comparison to V. midae SY9.  The vmproA gene duplication mutant had a 
slightly lower level of extracellular protease activity compared to the wild-type strain 
when cultivated in a minimal medium, an equivalent level of extracellular protease 
activity when cultured in P-MBM, and significantly increased protease activity when 
cultured in minimal medium supplemented with peptone as a protein source.  The 
extracellular protease activity of the vmproA mutant was significantly reduced in 
comparison with that of the wild-type and vmproA gene duplication mutant strains, when 
cultured in all of the growth media assessed in this investigation.  The extracellular 
protease activity of the complemented mutant strain was equivalent to that of the wild-
type and vmproA duplication strains, depending on the growth medium.  Gelatine and 
casein zymogram analysis of cell-free supernatant from V. midae SY9 and the vmproA 
gene duplication, disruption and complementation mutants showed that chromosomal 
duplication of vmproA did not affect the extracellular protease phenotype in comparison 
to the wild-type strain and that the predominant 40 kDa protease was still produced.  
Insertional inactivation of vmproA resulted in a loss in the production and secretion of the 
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and casein zymograms.  Casein zymogram analysis of the culture supernatant from the 
insertional inactivation mutant showed the presence of at least five minor extracellular 
proteases of approximately 34, 30, 28, 17, and 10 kDa.  Complementation of the 
insertional inactivation mutant resulted in the production and secretion of the distinctive 
detergent-stable 40 kDa extracellular protease, VmproA, on both the gelatine and casein 
zymograms.  A minor protease of approximately 30 kDa was also detected within the 

















Probiotics are believed to function in several ways within aquaculture environments, 
including through the secretion of extracellular enzymes that contribute to, and improve 
the digestion efficiency of the host organism (Verschuere et al., 2000).  It has been shown 
that Haliotis midae fed a high protein artificial diet supplemented with a mixture of 
probiotics, including Vibrio midae SY9, have increased growth rates when compared to 
abalone that were fed the same artificial diet but lacking the probiotic strain (Macey and 
Coyne, 2005).  The abalone probiotic, V. midae SY9, produces and secretes high levels of 
extracellular proteases, with the predominant protease being identified as an extracellular 
detergent resistant alkaline serine protease.  
 
The construction of mutations in bacteria, through reverse genetics, is a fundamental 
approach to understanding the function of prokaryotic genes at a molecular level (Hensel 
and Holden, 1996; Reyrat et al., 1998).  Mutation of prokaryotic genes, including 
protease genes, through insertional inactivation is a common strategy employed to 
genetically manipulate bacterial strains (Häse and Finkelstein, 1991).  The construction of 
these mutant bacterial strains enables researchers to investigate the specific function of 
the mutated gene by direct comparisons of the mutant and wild-type strains.  Suicide 
vectors are classically used for targeted gene disruption (Fig. 4. 1), and have been used 
for the construction of mutant strains in a wide variety of bacterial species (Miller and 
Mekalanos, 1988; Mintz et al., 2002; Spory et al., 2002; Tannock et al., 2005; Walter et 
al., 2005; Raychaudhuri et al., 2006; Le Roux et al., 2007; Schwab et al., 2007).  The 
main features of suicide vectors are that they are easily transferred to a variety of 
bacterial strains, and once transferred, are unable to replicate in the recipient strain.  The 
transferred suicide vector either integrates (via homologous recombination; Fig. 4. 1A 
and B) a duplicate, or inactivated, copy of the target gene into the chromosome of the 
recipient strain under a selective pressure (Fig. 4. 1C) or the suicide vector does not 
















Figure 4.1 Schematic representation (not to scale) depicting homologous 
recombination of a recombinant suicide vector into the chromosome of a 
target prokaryotic microorganism.  A chromosomal copy of the wild-type 
allele (WT) of the gene of interest (turquoise arrow) (A) is interrupted by 
homologous recombination (intermolecular) of a recombinant suicide 
vector (thick black line) harbouring an internal gene fragment (yellow 
hatched block) and a selectable marker (SM; white block) (B).  The 
integration of the suicide vector into the homologous region of the gene 
fragment (yellow block) in the chromosome (wavy lines) interrupts the 
wild-type allele (WT) of the gene of interest, resulting in the formation of 
a mutated allele (MUT) of the gene (C).  Figure adapted from 
Reyrat et al. (1998). 
 
The pGP704 suicide vector system (Miller and Mekalanos, 1988) has been used 
successfully to study gene function in Vibrio cholerae strains (Paul, 2006; Raychaudhuri 
et al., 2006), as well as, in other bacterial strains (Mintz et al., 2002).  The pGP704 
suicide vector is a derivative of the pBR322 cloning vector, with the pBR322 origin of 
a b 
a b AB 
Selection for the 
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replication (oriE1) having been replaced by the R6K origin of replication (oriR6K).  The 
oriR6K requires the π-protein that is encoded by the pir gene, and therefore, pGP704 is 
unable to replicate in the absence of the π-protein.  Specific host E. coli strains, such as 
E. coli SM10λpir and E. coli SY327λpir, harbour a prophage (λpir) that carries and 
expresses a copy of the pir gene, allowing pGP704 to replicate and to be manipulated 
within these strains.  The suicide vector pGP704 also carries an RP4 mobilization 
fragment.  The RP4 mobilization fragment enables pGP704 to be mobilized by the 
host/donor E. coli SM10λpir strain, containing a chromosomal copy of a RP4 plasmid, 
and conjugated to the target/recipient bacterial strain (Maloy et al., 1996).  Once 
transferred to the recipient strain, the recombinant pGP704 suicide vector, harbouring an 
internal fragment of the gene of interest, is unable to replicate as the recipient lacks the 
pir gene and its gene product the π-protein.  An appropriate antibiotic is then used in a 
single selection step to identify recipient strains that have undergone an integration event, 
resulting in the recombinant suicide vector stably integrating via the homologous internal 
gene fragment into the chromosome (Fig. 4.1) (Maloy et al., 1996; Reyrat et al., 1998).  
 
Increased expression mutant strains can be constructed through exposure of the wild type 
organism to chemical and/or DNA-damaging mutagenic agents.  A mutant strain, 
V. metschnikovii DL 33-51 (Accession no.: M204008), producing a 4.74-fold increase in 
protease enzyme activity was isolated following chemical and UV mutagenesis of the 
V. metschnikovii DL 33 wild type strain (Mei and Jiang, 2005).  However, the major 
concern regarding this approach to construction of an increased expression mutant is that 
this method may introduce additional random mutations within the genome that one is not 
able to initially detect and characterise.  The effect of random mutations, as may be 
expected following chemical and UV mutagenesis, may not be a significant consideration 
in a study investigating increased enzyme activity and possible industrial strain 
improvement.  However, the objectives of this study are to investigate the role of vmproA 
and its gene product VmproA, in conferring the previously observed growth advantage on 
cultured abalone (Macey and Coyne, 2005) and any other mutations that may be 
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4.2.1 Aim of this chapter 
 
The aim of this chapter is to construct a Vibrio midae SY9 strain capable of increased 
extracellular protease activity and a V. midae SY9 strain unable to produce the 
predominant detergent stable extracellular protease, VmproA, by means of recombinant 
suicide vector(s).  A V. midae SY9 strain harbouring a chromosomal vmproA gene-
duplication will be constructed and assessed as a mutant strain capable of increased 
extracellular protease activity.  A vmproA insertionally inactivated V. midae SY9 mutant 
strain, unable to produce the distinctive detergent stable VmproA protease, will also be 
constructed.  The insertionally inactivated mutant will be complemented through 
chromosomal integration of a full-length and functional copy of vmproA.  The 
V. midae SY9 mutant strains and the complemented mutant strain will be used, in 
conjunction with V. midae SY9, to investigate the role of vmproA and its gene product 
(VmproA) on V. midae SY9 cell growth and extracellular protease activity.  The 
V. midae SY9 mutant strains will be employed in an abalone growth trial (Chapter 5) in 
order to gain a better understanding of the role of the V. midae SY9 vmproA protease 
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4.3 Materials and methods 
 
All of the growth media and solutions used in this study are listed in Appendix A. 
 
4.3.1 Bacterial strains and plasmids 
 
All of the bacterial strains and plasmids used in this study are listed in Tables 4.1 and 4.2, 
respectively.  
 













 strain of V. midae SY9 This study 
Vibrio midae SY9Mut2 V. midae SY9 strain harbouring the integrated 




Vibrio midae SY9Pro2 V. midae SY9 strain harbouring the integrated 






Vibrio midae SY9Mut2 strain harbouring the 







Escherichia  coli 
JM109 
recA1 supE44 endA1 hsdR17 gyrA96 relA1 






Escherichia  coli 
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Simon et al. 
(1983) 
Escherichia  coli 
SY327λpir 
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pGP704 ori R6K, mob Rp4, MCS of M13tg131, Amp
r
  Herrero et al. 
(1990) 
pCAT19 Derivative of pBR325 and pUC19 containing the 










Hellens et al. 
(2000) 





pProH3 1.9 kb HindIII - HindIII fragment from pMR11, 






pGP13 Derivative of pGP704, containing the 0.256 kb 
internal vmproA gene fragment and in-frame 




pGP13.Cm Derivative of pGP13, containing the 986 bp XbaI-






pGPro.1 Derivative of pGP704, containing the 1.9 kb HindIII 
- HindIII fragment from pProH3, comprising the 
entire vmproA gene; Amp
r
.   
This study 
pGPro.Cm Derivative of pGPro.1, containing the 986 bp XbaI-






pGPro.Km Derivative of pGPro.1, containing a 1046 bp DNA 
fragment that includes the Km
r











, ampicillin resistant; Cm
r
, chloramphenicol resistant; Km
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, Kanamycin resistant; 
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4.3.2 Media and culture conditions 
 
Escherichia coli SM10λpir, E. coli SY327λpir and E. coli JM109 (Table 4.1) were 
cultured in Luria-Bertani broth (LB) (Appendix A.1.5) and maintained on Luria-Bertani 
agar (LA) (Appendix A.1.6) at 37 ºC.  E. coli SM10λpir harbouring the suicide vector 
pGP704 (Table 4.2) and the recombinant plasmids pGP13, pGPro.1 and pGPro.Km 
(Table 4.2) were cultured in LB-10 broth (Appendix A.1.9) or maintained on LA-20 agar 
(Appendix A.1.9) containing 100 µg ml
-1
 ampicillin (Appendix A.2.2) at 37 ºC, unless 
otherwise stated.  E. coli SM10λpir harbouring the recombinant plasmids pGP13.Cm and 
pGPro.Cm were cultured in LB-10 broth or maintained on LA-20 agar containing 30 µg 
ml
-1
 chloramphenicol (Appendix A.2.2) at 37 °C, unless otherwise stated.  
E. coli SY327λpir harbouring the recombinant suicide vector pGPro.Km was cultured in 
LB-10 broth or maintained on LA-20 agar containing 100 µg ml
-1
 kanamycin (Appendix 
A.2.2) at 37 °C.  E. coli JM109 harbouring the plasmid pGreenII was cultured in LB 
broth or on LA agar containing 100 µg ml
-1
 kanamycin at 37 °C.  E. coli JM109 
harbouring the plasmid pCAT19 was cultured in LB broth or on LA agar containing 
30 µg ml
-1
 chloramphenicol at 37 °C.  Wild-type V. midae SY9 was cultivated at 22 °C as 
described in section 2.3.2, unless otherwise stated.  V. midae SY9Sm
r
 was either cultured 
in VNSS broth (Appendix A.1.9) or on VNSS agar (Appendix A.1.9) containing 
120 µg ml
-1
 streptomycin (Appendix A.2.2) at 22 ºC, unless otherwise stated.  The 
mutants, V. midae SY9Mut2 and V. midae SY9Pro2, were either grown in MB (Appendix 
A.1.1) or in P-MBM (Appendix A.1.3), or on MA (Appendix A.1.2), containing 
30 µg ml
-1
 chloramphenicol at 22 °C.  The complemented mutant 
V. midae SY9Mut2.Comp was either grown in MB, or P-MBM, or on MA, supplemented 
with 30 µg ml
-1
 chloramphenicol and 400 µg ml
-1
 kanamycin at 22°C. 
 
4.3.3 Streptomycin resistant V. midae SY9 
 
In order to mutate the vmproA protease gene using recombinant suicide vector constructs 
containing a second antibiotic resistance gene and a filter-mating protocol, a 
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Table 4.3 Oligonucleotide primers used in this study 
 
Primer Sequence (5' – 3')
a
 Reference 
KanFwd CTCACGTTAAGCGGCCGCATTTTGG This study 
KanRev CAAAGCCACGGAATTCGTGTCTC This study 
StopFwd CGTCTAGCTTGTCGGCGTG This study 
StopRev CTCCCTAAGCAACGCGTGC This study 
ProMutFwd GCTTGGTTATTGATCATGTTTCTG This study 
ProMutRev GAATAGCGTCTCCTCGTTAACAC This study 
a 
In frame translation stop codons, included in the oligonucleotide primer sequences 
StopFwd and StopRev are highlighted in bold text and underlined. 
 
A streptomycin-resistant V. midae SY9 recipient strain will allow for the selection of 
recipients that have taken up and integrated a recombinant suicide vector following filter-
mating with a streptomycin sensitive E. coli mating or donor strain harbouring the 
recombinant suicide vector.  Therefore, a streptomycin resistant strain of V. midae SY9 
was generated by inoculating a fresh culture of V. midae SY9 onto a MA/Sm gradient 
plate containing streptomycin (Appendix A.2.2) ranging in concentration from 0 to 
120 µg ml
-1
.  The MA/Sm gradient plates were incubated at 22 ºC for approximately 
24 hours.  V. midae SY9 colonies capable of growing at the highest streptomycin 
concentration were repeatedly re-streaked onto fresh MA/Sm gradient plates until a 
V. midae SY9 strain capable of growing on streptomycin at a concentration of 
120 µg ml
-1
 was isolated.  The streptomycin-resistant V. midae SY9 strain was 
maintained on MA containing 120 µg ml
-1
 streptomycin at 22 °C and was designated 
V. midae SY9Sm
r
 (Table 4.1). 
4.3.4 Construction and characterisation of V. midae SY9Pro2, harbouring two 
chromosomal copies of vmproA 
 
A large-scale plasmid isolation was performed using the Qiagen Midi-prep kit (according 
to manufacturer’s instructions), in order to isolate the plasmids pMR11, pCAT19 and 
pGP704 (Table 4.1).  The recombinant construct pMR11 (Fig. 4.2) was digested with the 
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1.9 kb HindIII - HindIII DNA fragment, containing the full-length vmproA gene (as 
described in Chapter 2), was blunt end-repaired using Klenow Fragment (Fermentas) 
(Appendix B.9), resolved on a 0.8% (w/v) TAE agarose gel, and finally purified using the 



























Figure 4.2 The recombinant plasmid pMR11 (A) was digested with HindIII to release 
a 1.9 kb HindIII - HindIII DNA fragment (B) containing a full-length copy 
of vmproA.  The thin line indicates pBluescript SK, the thick white line 
represents the 5.6 kb cloned fragment of V. midae SY9 chromosomal 
DNA and the black arrow represents the 1.9 kb HindIII - HindIII DNA 











































Figure 4.3 Restriction map of the recombinant suicide vector pGPro.1.  The 
recombinant suicide vector pGPro.1 was constructed by subcloning the 
1.9 kb HindIII - HindIII DNA fragment, containing the vmproA gene, 
from pMR11 into the suicide vector pGP704.  The thin line indicates 
pGP704 and the thick black line represents the cloned V. midae SY9 DNA 
fragment.  Relevant restriction enzyme sites are indicated. 
 
 
The suicide cloning vector pGP704 was linearised by digestion with the restriction 
enzyme EcoRV (Fermentas) (Appendix B.5), dephosphorylated (Appendix B.10) and 
resolved on a 0.8% (w/v) TAE agarose gel (Appendix B.6) before being purified using 
















Figure 4.4 The plasmid pCAT19 (A) was digested with XbaI to release 986 bp XbaI - 
XbaI chloramphenicol resistance gene DNA fragment (B).  The thin line 
indicates the pUC19 backbone and the thick white arrow represents the 
chloramphenicol resistance gene (CAT).  Relevant restriction sites are 
shown. 
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Figure 4.5 The recombinant suicide vector pGPro.Cm.  The thin line indicates 
pGP704, and the thick black line represents the cloned 1.9 kb HindIII - 
HindIII V. midae SY9 chromosomal DNA fragment from pMR11.  The 
white block arrow represents the 986 bp XbaI - XbaI DNA fragment 
containing the chloramphenicol resistance gene from pCAT19, cloned into 
pGPro.1.  Relevant restriction enzyme sites are indicated. 
 
The 1.9 kb HindIII - HindIII DNA fragment from pMR11, containing the full-length 
vmproA gene (Chapter 2) (Fig. 4.2 A and B), was cloned into linearised and 
dephosphorylated pGP704 vector (Fig. 4.3; as described in Appendix B.12.2).  The 
resulting constructs were transformed (Appendix B.2) into freshly prepared competent 
E. coli SM10λpir (Table 4.1), plated onto LA supplemented with 100 µg ml
-1
 ampicillin 
(Appendix A.2.2) and incubated at 37 ºC for approximately 16 hours.  E. coli SM10λpir 
capable of growth on LA supplemented with 100 µg ml
-1
 ampicillin were inoculated into 
5 ml LB supplemented with 100 µg ml
-1
 ampicillin and grown overnight with shaking at 
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mini-prep method of Ish -Horowicz and Burke (1981) (Appendix B.3) and screened for 
the presence of the desired 1.9 kb insert by restriction enzyme analysis (Appendix B.5).  
A recombinant pGP704 construct containing the 1.9 kb protease gene fragment was 
identified and designated pGPro.1 (Fig. 4.3; Table 4.2).  
 
The plasmid pCAT19 (Table 4.2; Fig. 4.4 A) was digested with the restriction enzyme 
XbaI (Fermentas) (Appendix B.5) to release the 986 bp XbaI - XbaI DNA fragment 
containing the Chloramphenicol acetyl-transferase (CAT) gene cassette (Fig. 4.4 B).  The 
986 bp XbaI - XbaI DNA fragment was gel purified using the BioSpin Gel Extraction Kit 
(BioFlux) according to the manufacturer’s instructions, and cloned (Appendix B.12.2) 
into the recombinant suicide vector pGPro.1 that had been linearised, by digestion with 
the restriction enzyme XbaI (Fermentas) (Appendix B.5) and gel purified (BioSpin Gel 
Extraction Kit (BioFlux)).  The resulting constructs were transformed into competent 
E. coli SM10λpir (Appendices B.1.2 and B.2), plated onto LA containing 30 µg ml
-1
 
chloramphenicol and 100 µg ml
-1
 ampicillin and incubated overnight at 37 °C.  
E. coli SM10λpir capable of growth on chloramphenicol and ampicillin were inoculated 
into 5 ml LB supplemented with 30 µg ml
-1
 chloramphenicol and 100 µg ml
-1
 ampicillin 
and grown overnight with shaking at 37 °C.  Plasmid DNA was isolated from the 
overnight cultures using the alkaline lysis mini-prep method of Ish-Horowicz and Burke, 
1981 (Appendix B.3) and screened for the presence of the 986 bp CAT gene by XbaI 
(Fermentas) restriction enzyme analysis (Appendix B.5).  A recombinant pGPro.1 
construct containing the 986 bp CAT gene DNA fragment was identified and designated 
pGPro.Cm (Fig. 4.5; Table 4.2). 
 
The recombinant suicide vector pGPro.Cm was transferred from the donor 
E. coli SM10λpir strain to the recipient strain V. midae SY9Sm
r
 using a modified filter 
mating technique (Egan et al., 2002).  Briefly, 5 ml cultures of both E. coli SM10λpir 
harbouring the recombinant suicide vector pGPro.Cm and streptomycin resistant recipient 
V. midae SY9Sm
r
 were cultivated for approximately 16 hours.  The overnight donor and 
recipient cultures were gently mixed at a volume ratio of 1:10 (100 µl donor and 1000 µl 
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recipient cultures was passed through a 0.22 µm Whatman filter (∅ 2.5 cm) and washed 
with another 5 ml of wash solution.  The filter discs were then placed cell-side up onto 
LA-20 agar (Appendix A.1.9) and incubated at 30 °C for 4 hours. 
 
The filter discs were then placed inside sterile Sterilin tubes containing 2 ml of NSS 
(Appendix A.1.9) and vortexed vigorously to resuspend the bacteria on the filter discs.  
One hundred microlitre aliquots of the resuspended cells were spread plated onto VNSS 
agar (Appendix A.1.9) supplemented with 120 µg ml
-1
 streptomycin and 30 µg ml
-1
 
chloramphenicol.  The plates were subsequently incubated at 30 °C for 48 hours to select 
for recipient V. midae SY9Sm
r
 strains harbouring the suicide vector pGPro.Cm.  One 
hundred microlitre aliquots of each donor and recipient strain were spread plated onto 
both VNSS agar (Appendix A.1.9) and VNSS agar containing 120 µg ml
-1
 streptomycin 
and 30 µg ml
-1
 chloramphenicol as filter mating controls. 
 
Putative mutants harbouring a second full-length copy of the detergent resistant protease 
gene were selected based on their ability to grow on VNSS agar containing 120 µg ml
-1
 
streptomycin and 30 µg ml
-1
 chloramphenicol.  One of these mutants, designated 
V. midae SY9Pro2, was analyzed further. 
 
Southern hybridization analysis (Appendix B.8) was performed in order to determine 
whether the recombinant suicide vector pGPro.Cm had integrated into the chromosome 
of V. midae SY9Sm
r
.  A 256 bp internal DNA fragment of the detergent resistant protease 
gene was PCR amplified from pMR11 (Table 4.2) using the synthetic oligonucleotide 
primers, StopFwd and StopRev (Table 4.3).  The 256 bp PCR amplicon was resolved on 
a 2% (w/v) TAE agarose gel (Appendix B.6) before being gel purified using the BioSpin 
Gel Extraction Kit (BioFlux) according to the manufacturer’s instructions.  The gel 
purified PCR product was DIG-labeled using the DIG High Prime DNA Labeling and 
Detection Starter Kit II (Roche) according to the manufacturer’s instructions (Appendix 
B.8.5 and B.8.6).  The DIG-labeled DNA fragment was used as a probe against equal 
amounts (10 µg) of V. midae SY9 and V. midae SY9Pro2 chromosomal DNA that had 
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The resulting chromosomal DNA fragments were separated on a 0.7% (w/v) TAE 
agarose gel at 35 V overnight and transferred to Hybond N
+
 nylon membrane 
(Amersham) according to Reed and Mann (1985).  Southern hybridization was performed 
using the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche) according 
to the manufacturer’s instructions and as outlined in Appendices B.8.5 and B.8.6. 
 
4.3.5 Construction and characterisation of an insertional inactivation mutant, 
V. midae SY9Mut2 
 
Plasmid pGP704 (Table 4.2) was digested with the restriction enzyme EcoRV 
(Fermentas) (Appendix B.5) and resolved on a 0.8% (w/v) TAE agarose gel 
(Appendix B. 6), before being purified using the BioSpin Gel Extraction Kit (BioFlux) 
according to the manufacturer’s instructions.  Plasmid pMR11 (Table 4.2), containing the 
V. midae SY9 detergent resistant protease gene (Chapter 2), was isolated from an 
overnight culture using the alkaline lysis mini-prep method of Ish-Horowicz and Burke 
(1981) (Appendix B.3).  A 256 bp internal DNA fragment (Fig. 4.6 A) of the detergent 
resistant protease gene was PCR amplified (Appendix B.25.4) using the high fidelity Pfu 
Polymerase (Fermentas) and the oligonucleotide primers StopFwd and StopRev 
(Table 4.3; Fig. 4.6 A).  The PCR primers StopFwd and StopRev were specifically 
designed to include in-frame translation stop codons (as indicated in Table 4.3).  This 
ensured that an active protease could not be produced once the recombinant suicide 
vector had integrated into the V. midae SY9 chromosome.  The same strategy of primer 
design has been employed in several other cases (Milton et al., 1992; Tannock et al., 


























Figure 4.6 Construction of the recombinant suicide vector pGP13.  An internal DNA 
fragment of the V. midae SY9 detergent resistant protease gene (A) 
contained within pMR11 was PCR amplified using the oligonucleotide 
primers StopFwd and StopRev and cloned into the suicide vector pGP704 
to create recombinant construct pGP13 (B).  A: Restriction map of the 
V. midae SY9 detergent resistant protease gene, showing the position of 
major restriction enzyme sites, the PCR primers and the in-frame stop 
codons (X') included in the primers StopFwd and StopRev.  B: Restriction 
map of the recombinant suicide vector pGP13.  The thin line represents 
pGP704 and the thick black line represents the cloned V. midae SY9 256 














































Figure 4.7 The recombinant suicide vector pGP13.Cm.  The thin line represents 
pGP704 and the thick black line represents the cloned V. midae SY9 256 
bp internal DNA fragment.  The white block arrow represents the 986 bp 
XbaI - XbaI DNA fragment, containing the chloramphenicol resistance 
gene from pCAT19, cloned into pGP13.  Relevant restriction sites are 
shown. 
 
The 256 bp PCR amplicon was gel purified using the BioSpin Gel Extraction Kit 
(BioFlux) according to the manufacturer’s instructions, and cloned into pGP704 that had 
been linearised by digestion with the restriction enzyme EcoRV (Fermentas).  The 
resulting construct was transformed (Appendix B.2) into freshly prepared competent 
E. coli SM10λpir (Table 4.1), plated onto LA supplemented with 100 µg ml
-1
 ampicillin 
and incubated at 37 ºC overnight.  E. coli SM10λpir strains capable of growth on LA 
supplemented with 100 µg ml
-1
 ampicillin (Appendix A.2.2) were screened for the 
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StopFwd and StopRev (Table 4.3; Appendix B.23.5).  A recombinant pGP704 construct 
containing the 256 bp internal protease gene fragment was identified and designated 
pGP13 (Table 4.2; Fig. 4.6 B). 
 
The chloramphenicol resistance gene from plasmid pCAT19 (Table 4.2) was 
subsequently cloned into pGP13 as described in section 4.3.4.  A recombinant pGP13 
construct containing the 986 bp XbaI - XbaI DNA fragment was identified and designated 
pGP13.Cm (Table 4.2; Fig. 4.7).  The recombinant suicide vector pGP13.Cm was 
transferred from the donor E. coli SM10λpir strain to the recipient strain 
V. midae SY9Sm
r
 using the modified filter mating technique (Egan et al., 2002) 
described in section 4.3.4.  Putative mutants containing an insertionally inactivated 
detergent resistant protease gene were selected based on their ability to grow on VNSS 
agar (Appendix A.1.9) containing 120 µg ml
-1
 streptomycin (Appendix A.2.2) and 
30 µg ml
-1
 chloramphenicol (Appendix A.2.2).  One of these mutants, designated 
V. midae SY9Mut2, was analyzed further. 
 
Southern hybridization analysis was performed to determine whether the recombinant 
suicide vector pGP13.Cm had integrated into the chromosome of V. midae SY9.  
Genomic DNA was extracted (Appendix B.4.1) from V. midae SY9 and 
V. midae SY9Mut2 (Table 4.1).  The recombinant plasmid pProH3 (Table 4.2), 
containing the full-length vmproA gene on a 1.9 kb HindIII - HindIII DNA fragment, was 
digested with the restriction enzyme HindIII, as outlined in Appendix B.5.  The resulting 
1.9 kb HindIII - HindIII DNA fragment was resolved on a 0.8% (w/v) TAE agarose gel 
(Appendix B.6), before being gel purified using the BioSpin Gel Extraction Kit (BioFlux) 
according to manufacturer’s instructions.  The purified DNA fragment was radioactively 
labeled ([α
32
P]-dCTP, Amersham) using a random-primed DNA labeling kit (Roche) 
according to the manufacturer’s instructions and as outlined in Appendix B.8.2.  The 
radio-labeled DNA fragment was used as a probe against equal amounts (10 µg) of 
V. midae SY9 and V. midae SY9Mut2 genomic DNA that had been digested with the 
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separated on a 0.7% (w/v) TAE agarose gel (Appendix B.6).  The Southern hybridization 
procedure that was followed is described in Appendices B.8.3 and B.8.4. 
 
4.3.6 Complementation of V. midae SY9Mut2 
 
Integration of a fully functional full-length copy of vmproA into the chromosome of 
V. midae SY9Mut2 could complement the insertionally inactivated detergent resistant 
protease gene of V. midae SY9Mut2. 
 
Plasmid pGreenII (Table 4.2; Fig. 4.8), containing a kanamycin resistance gene, was 
isolated from an overnight E. coli JM109 (Table 4.1) culture using the alkaline lysis mini-
prep method of Ish-Horowicz and Burke, 1981 (Appendix B.3).  The kanamycin 
resistance gene was PCR amplified using high-fidelity Pfu Polymerase (Fermentas) and 
the oligonucleotide primers KanFwd and KanRev (Table 4.3; Fig. 4.8 B) as described in 
Appendix B.25.2.  The 1046 bp PCR amplicon was gel purified using the BioSpin Gel 
Extraction Kit (BioFlux) according to the manufacturer’s instructions, and cloned into 
pGPro.1 (Table 4.2; Fig. 4.3) that had been linearised by digestion with the restriction 
enzyme XbaI (Fermentas) (Appendix B.5), blunt end-repaired (Appendix B.9), resolved 
on a 0.8% (w/v) TAE agarose gel (Apprendix B.6) and purified (BioSpin Gel Extraction 
Kit (BioFlux), according to manufacturer’s instructions).  The resulting construct was 
transformed into competent E. coli SY327λpir (Table 4.1), plated onto LA 
(Appendix A1.6) containing 100 µg ml
-1
 kanamycin (Appendix A.2.2) and incubated 
overnight at 37 °C.  E. coli SY327λpir colonies capable of growth on kanamycin were 
inoculated into 5 ml LB (Appendix A1.5) supplemented with 100 µg ml
-1
 kanamycin and 
grown overnight at 37 °C with shaking.  Plasmid DNA was isolated from the overnight 
cultures using the alkaline lysis mini-prep method of Ish-Horowicz and Burke, 1981 
(Appendix B.3) and screened for the presence of the kanamycin resistance gene by PCR 
(Appendix B.25.6).  A recombinant pGPro.1 construct containing the 1046 bp kanamycin 
resistance gene was identified and designated pGPro.Km (Table 4.2; Fig. 4.9).  The 
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E. coli SM10λpir competent cells (Appendices B.1.1 and B.2), plated onto LA containing 
100 µg ml
-1
 kanamycin (Appendix A.2.2) and incubated overnight at 37 °C. 
 
 
Figure 4.8 The pGreen II (A) 1046 bp kanamycin resistance gene was PCR amplified 
using the oligonucleotide primers, KanFwd and KanRev (B).  The thin line 
indicates pGreenII and the thick black- and white-hatched arrow 





1046 bp  




















Figure 4.9 The recombinant suicide vector pGPro.Km.  The thin line represents 
pGP704 and the thick black line represents the cloned V. midae SY9 
1.9 kb HindIII - HindIII internal DNA fragment containing the full-length 
vmproA gene.  The hatched-black arrow represents the 1046 bp kanamycin 
resistance gene, PCR amplified from pGreenII and cloned into pGPro.1.  
Relevant restriction sites are shown. 
 
The recombinant suicide vector pGPro.Km was transferred from the donor 
E. coli SM10λpir strain to the recipient strain V. midae SY9Mut2 using the modified 
filter mating technique (Egan et al., 2002) described in section 4.3.4.  Putative 
V. midae SY9Mut2 mutants harbouring a full-length copy of the detergent resistant 
protease gene were selected based on their ability to grow on VNSS agar (Appendix 
A.1.9) containing 120 µg ml
-1
 streptomycin, 30 µg ml
-1
 chloramphenicol and 400 µg ml
-1
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A total of 96 V. midae SY9Mut2 kanamycin-resistant mutant strains were isolated.  Each 
strain was inoculated into 5 ml MB (Appendix A.1.1) supplemented with 30 µg ml
-1
 
chloramphenicol and 400 µg ml
-1
 kanamycin, and grown overnight at 22 ºC on a rotary 
shaker (100 rpm).  Chromosomal DNA was isolated from these overnight cultures using a 
chromosomal DNA extraction method adapted from Wang et al., 1996 (Appendix B.4.2).  
The kanamycin-resistant V. midae SY9Mut2 strains were initially screened for the 
presence of the kanamycin resistance gene by PCR (Appendix B.25.2) using the 
oligonucleotide primers KanFwd and KanRev (Table 4.3).  The presence of the 
kanamycin resistance gene would indicate that pGPro.Km had integrated into the 
chromosome of V. midae SY9Mut2.  The recombinant V. midae SY9Mut2 strains that 
were shown to be harbouring a kanamycin resistance gene were further investigated to 
confirm complementation of V. midae SY9Mut2 by PCR for the presence of a full-length 
detergent resistant protease gene using the oligonucleotide primers ProMutFwd and 
ProMutRev (Table 4.3; Appendix B.25.7).  One of these mutants, designated 
V. midae SY9Mut2.Comp, was analyzed further. 
 
4.3.7 Growth and protease activity of V. midae SY9, V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp 
 
A growth curve was conducted to determine the effect of mutations to the vmproA gene 
on cell growth and extracellular protease activity of V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp.  The growth and extracellular 
protease activity profiles of the mutant strains were compared to that of V. midae SY9 
when cultured in Marine Minimal Medium (MMM) (Appendix A.1.10), Marine Minimal 
Medium supplemented with 1% (w/v) peptone (MMM-P) (Appendix A.1.10) and 
P-MBM (Appendix A.1.3).  The wild-type and mutant strains were each grown for 
approximately 12 hours in a 5 ml starter culture of MMM, MMM-P and P-MBM at 22 ºC 
on an orbital shaker (100 rpm).  The entire volume of each of the starter cultures was 
inoculated into 100 ml of MMM, MMM-P and P-MBM, respectively and incubated at 
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5 liter conical flasks, each containing 500 ml of MMM, MMM-P and P-MBM, 
respectively, so as to achieve an initial A600 (Beckman Du

 530 Life science UV/VIS 
Spectrophotometer) of 0.02, and incubated at 22 °C on an orbital shaker at 100 rpm.  
Triplicate 2 ml aseptic samples were removed from the experimental flasks at regular 
intervals for A600 and extracellular protease enzyme activity determination.  For the 
determination of extracellular protease activity, the samples were centrifuged (13,000x g 
for 5 minutes at 4 °C) to pellet the bacterial cells.  The supernatant fraction was collected 
and stored at -20 °C for later extracellular protease enzyme analysis using the Azo-casein 
protease assay (Appendix B.22). 
 
The maximum specific growth rate was calculated from the growth curve for 
V. midae SY9, the vmproA mutant strains, cultivated in MMM, MMM-P and P-MBM at 
22 ºC.  As a result of the exponential nature of bacterial growth, the logarithm of the 
relative population size is usually plotted against time (Zwietering et al., 1990) and the 
maximum specific growth rate can then be determined by calculating the slope of the 
tangent drawn to the inflection of the curve (Baranyi and Pin, 1999). 
 
4.3.8 Zymogram analysis of V. midae SY9, V. midae SY9Pro2, V. midae SY9Mut2 
and V. midae SY9Mut2.Comp  
 
Zymogram comparative analysis was conducted in order to investigate the extracellular 
protease phenotype of V. midae SY9 in comparison with that of the mutant strains 
V. midae SY9Pro2, V. midae SY9Mut2 and V. midae SY9Mut2.Comp when cultured in 
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4.3.8.1 Gelatine zymogram analysis of V. midae SY9, V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp 
 
The effect of mutating vmproA on the detergent resistant extracellular proteolytic 
phenotype of V. midae SY9Pro2, V. midae SY9Mut2 and the complemented mutant 
V. midae SY9Mut2.Comp was investigated by gelatine zymography in denaturing slab 
gels containing gelatine as a co-polymerised substrate (Heussen and Dowdle, 1980) 
(Appendix B.20.1). 
 
V. midae SY9, V. midae SY9Pro2, V. midae SY9Mut2 and V. midae SY9Mut2.Comp 
were cultivated, as described in section 4.3.4.4, for approximately 24 hours.  The cells 
were harvested by centrifugation (13,000x g, for 10 minutes at 4 ºC) and the supernatant 
fraction retained.  The supernatant from each of the bacterial strains was filtered 
(0.22 µm), treated with 2.5% (w/v) SDS (Appendix A.2.18) and 2% (v/v) glycerol 
(Appendix A.2.18), and analyzed on a gelatine zymogram as described in Appendix 
B.20.1.  Electrophoresis was performed at 30 mA for 3 hours at 4 ºC in a Mighty Small II 
SE250 (Hoefer Scientific Instruments).  Following electrophoresis, the gelatine 
zymogram gels were washed in Triton X-100 wash solution (Appendix A.2.18) for 
60 minutes and then incubated in Glycine incubation buffer (Appendix A.2.18) for 
3 hours at 37 ºC.  Zones of proteolytic activity were visualized by staining the gel with 
Amido Black (Appendix A.2.18) as described in Appendix B.20.1. 
 
4.3.8.2 Casein zymogram analysis of V. midae SY9, V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp 
 
The effect of mutating vmproA on the profile of extracellular proteases of 
V. midae SY9Pro2, V. midae SY9Mut2 and the complemented mutant 
V. midae SY9Mut2.Comp was investigated by casein zymography in denaturing 
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V. midae SY9, V. midae SY9Pro2, V. midae SY9Mut2 and V. midae SY9Mut2.Comp 
were cultivated, as described in section 4.3.4.4, for approximately 24 hours.  The cells 
were harvested by centrifugation (13,000x g, for 10 minutes at 4 ºC) and the supernatant 
fractions retained.  The supernatant from each of the bacterial strains was filtered 
(0.22 µm), treated with 2.5% (w/v) SDS (Appendix A.2.18) and 2% (v/v) glycerol 
(Appendix A.2.18), and analyzed on an 8% SDS-PAGE as described in Appendices B.19 
and B.20.2.  Electrophoresis was performed at 30 mA for 3 hours at 4 ºC in a Mighty 
Small II SE250 (Hoefer Scientific Instruments).  Following electrophoresis the 
polyacrylamide gels were washed in Triton X-100 wash solution (Appendix A.2.19) and 
then incubated in the casein penetration solution (Appendix A.2.19) at 4 ºC for 
30 minutes, as described in appendix B.20.2, before being incubated at 37 ºC for 2 hours.  
Zones of proteolytic activity were visualized by staining the gel with Coomassie stain 















4.4.1 Chromosomal integration of a second full-length copy of the V. midae SY9 
detergent resistant protease gene 
 
4.4.1.1 Isolation of V. midae SY9Pro2 mutants 
 
A total of 44 V. midae SY9 colonies grew on VNSS agar containing 120 µg ml
-1
 
streptomycin and 30 µg ml
-1
 chloramphenicol.  All of these chloramphenicol-resistant 
V. midae SY9 isolates could possibly have undergone an integration event, where the 
recombinant suicide vector pGPro.Cm recombined into the detergent resistant protease 
gene resulting in two full-length detergent resistant protease genes in close proximity to 
each other on the V. midae SY9 chromosome.  
 
4.4.1.2 Mapping the recombination of vmproA by pGPro.Cm 
 
One of the 44 putative V. midae SY9 mutants was selected for further analysis and was 
designated V. midae SY9Pro2.  Southern hybridisation analysis confirmed intergration of 
the recombinant suicide vector pGPro.Cm at a single site in the genome of V. midae SY9 
(Fig. 4.10 and 4.11).  Chromosomal DNA from V. midae SY9 and V. midae SY9Pro2 was 
digested with the restriction enzymes EcoRI and ClaI, and probed with a 256 bp DIG-
labeled internal fragment of the detergent resistant protease gene.  A single hybridization 
band of 4.9 kb (Fig.4.10; lane 1 and Fig. 4.11) was observed when V. midae SY9 
chromosomal DNA was digested with EcoRI.  The probe also hybridized to a single 
1.7 kb fragment of V. midae SY9 chromososmal DNA digested with ClaI (Fig. 4.10; 
lane 2 and Fig. 4.11).  Two hybridization fragments of approximately 1.55 and 4.9 kb in 
size (Fig. 4.10; lane 3 and Fig. 4.11) were observed when V. midae SY9Pro2 
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chromosomal DNA with the restriction enzyme ClaI resulted in the probe hybridizing to 
two fragments of 1.7 and 6.6 kb (Fig. 4.10; lane 4 and Fig. 4.11).  As a result of the 
integration of pGPro.Cm, an additional EcoRI and ClaI restriction site was introduced 















Figure 4.10 Southern hybridization of the 256 bp internal vmproA DIG-labelled DNA 
fragment PCR amplified from pProH3 to 10 µg of V. midae SY9 and 
V. midae SY9Pro2 chromosomal DNA.  V. midae SY9 chromosomal DNA 
digested with EcoRI (lane 1), ClaI (lane 2), and V. midae SY9Pro2 
chromosomal DNA digested with EcoRI (lane 3), ClaI (lane 4).  The 
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Figure 4.11 (Facing page) Schematic representation (not to scale) depicting the 
homologous recombination event that interrupted the V. midae SY9 
detergent resistant protease gene and the chromosomal arrangement of the 
resulting mutant V. midae SY9Pro2.  A) The chromosomal arrangement of 
the wild type V. midae SY9 detergent resistant protease gene (black bar).  
The stars represent active site residues (red star - D
180
, blue star - H
213
 and 
green star - S
363
).  The green arrow represents the promoter region and 
direction of transcription.  The red cross (X) represents the stop codon.  
The yellow bar represents the 256 bp internal gene fragment used as a 
probe for the southern hybridization analysis.  B) Recombinant suicide 
vector pGPro.Cm (circular black band represents plasmid pGP704) 
containing the detergent resistant protease gene on a 1.9 kb HindIII 
fragment (large white hatched band) and a chloramphenicol resistance 
gene (not shown).  C) The resulting mutant, V. midae SY9Pro2, showing 
the intergrated pGPro.Cm recombinant suicide vector that resulted in the 
presence of two full-length detergent resistant protease genes in the 
chromosome of V. midae SY9Pro2.  Relevant restriction enzyme 
recognition sites and their position relative to the EcoRI (1) restriction 
enzyme site are also shown. 
 
4.4.2 Insertional inactivation of the V. midae SY9 detergent-stable protease gene 
4.4.2.1 Isolation of V. midae SY9Mut2 mutants 
 
Two V. midae SY9 colonies grew on VNSS agar containing 120 µg ml
-1
 streptomycin 
and 30 µg ml
-1
 chloramphenicol.  These two chloramphenicol-resistant V. midae SY9 
isolates could possibly have undergone a recombination event, resulting in integration of 
the recombinant suicide vector pGP13.Cm into the detergent resistant protease gene.  
 
4.4.2.2 Mapping the interruption of vmproA by pGP13.Cm 
 
One of the two putative V. midae SY9 mutants selected for further analysis was 
designated V. midae SY9Mut2.  Southern hybridization analysis confirmed the 
chromosomal intergration of the recombinant suicide vector pGP13.Cm as well as the 
interruption of the V. midae SY9 detergent resistant protease gene (Fig. 4.12 and 4.13).  
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inactivation mutant, V. midae SY9Mut2, was digested with the restriction enzymes 
HindIII and EcoRI, and probed with a radiolabelled 1.9 kb HindIII fragment from the 
recombinant plasmid pProH3.  A single 1.9 kb hybridization band was observed when 
V. midae SY9 chromosomal DNA was digested with HindIII (Fig.4.12; lane 1).  The 
single hybridization band is a result of the HindIII restriction enzyme not cutting within 
the V. midae SY9 detergent resistant protease gene.  This hybridization fragment 
represents the 1.9 kb HindIII - HindIII fragment that was radiolabelled as the probe and 
was also previously shown to contain the full-length detergent resistant protease gene 
(section 2.4.3).  The probe hybridized to two fragments of approximately 4.9 and 1.8 kb 
(Fig. 4.12; lane 2) of V. midae SY9 chromosomal DNA digested with EcoRI, indicating 
that EcoRI cuts once within the detergent resistant protease gene (Fig. 4.13).  When the 
chromosomal DNA of V. midae SY9Mut2 was digested with HindIII the radiolabelled 
probe hybridized to two fragments of approximately 2.1 and 1.5 kb in size (Fig. 4.12; 
lane 3).  As a result of the integration of pGP13.Cm into the V. midae SY9 chromosome, 
two additional HindIII restriction sites were introduced within the interrupted vmproA 
detergent resistant protease gene (Fig. 4.13).  Digestion of V. midae SY9Mut2 genomic 
DNA with the restriction enzyme EcoRI resulted in the 1.9 kb HindIII fragment 
hybridizing to three fragments of 4.6, 1.8 and 1.4 kb (Fig. 4.12; lane 4).  The 1.8 kb 
fragment is common to the EcoRI digest of both V. midae SY9 and V. midae SY9Mut2 
chromosomal DNA (Fig. 4.12; lane 2 and 4).  This is due to the probe hybridizing to a 
homologous portion of the detergent resistant protease gene that was not influenced by 
the integration of the recombinant suicide vector pGP13.Cm.  As a result of the 
integration of pGP13.Cm into the V. midae SY9 chromosome, two additional EcoRI 
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4.4.3 Complementation of V. midae SY9Mut2 by chromosomal integration of a 
full-length copy of vmproA 
 
A total of 96 V. midae SY9Mut2 colonies grew on VNSS agar containing 120 µg ml
-1
 
streptomycin, 30 µg ml
-1
 chloramphenicol and 400 µg ml
-1
 kanamycin.  All of these 
kanamycin resistant V. midae SY9Mut2 isolates could have undergone a recombination 
event, resulting in integration of pGPro.Km into the V. midae SY9Mut2 chromosome and 
complementation of V. midae SY9Mut2.  All of the kanamycin resistant 
V. midae SY9Mut2 isolates screened contained a kanamycin resistance gene and a full 
length detergent resistant protease gene (data not shown), indicating that the 1.9 kb 
HindIII fragment harboured on pGPro.Km integrated into the V. midae SY9Mut2 
chromosome unaltered and was potentially capable of complementing the detergent 




















Figure 4.12 Southern hybridisation of V. midae SY9 and V. midae SY9Mut2 
chromosomal DNA to show integration of pGP13.Cm into the genome of 
V. midae SY9 and interruption of vmproA.  V. midae SY9 chromosomal 
DNA digested with HindIII (lane 1) and EcoRI (lane 2), and V. midae 
SY9Mut2 chromosomal DNA digested with HindIII (lane 3) and EcoRI 
(lane 4).  The arrows indicate the approximate sizes of the bands in 
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Figure 4.13 (Facing page) Schematic representation (not to scale) depicting the 
homologous recombination method used to interrupt the V. midae SY9 
detergent resistant protease gene and the chromosomal arrangement of the 
resulting mutant, V. midae SY9Mut2.  A) The chromosomal arrangement 
of the wild type V. midae SY9 detergent resistant protease gene (black 
bar).  The stars represent the active site residues (red star - D
180
, blue star - 
H
213
 and green star - S
363
).  The green arrow represents the promoter 
region and direction of transcription.  The red cross (X) represents the wild 
type stop codon.  The yellow bar represents the 256 bp internal vmproA 
gene fragment that was PCR amplified and cloned into pGP704.  B) 
Recombinant suicide vector pGP13.Cm (circular black band represents the 
plasmid pGP704), containing an internal protease gene fragment (yellow 
hatched bar) and a chloramphenicol resistant gene (not shown).  The 
cloned internal gene fragment (yellow hatched bar) has in-frame stop 
codons (X') that were included in the PCR primers StopMutFwd and 
StopMutRev (Table 4.3) used to amplify the 256 bp internal gene 
fragment.  C) The resulting insertional inactivation mutant, 
V. midae SY9Mut2, with the inactivated detergent resistant protease gene 
containing the intergrated pGP13.Cm recombinant suicide vector in the 
chromosomal DNA.  Relevant restriction enzyme recognition sites and 
their position relative to the EcoRI (1) restriction enzyme site are 
indicated. 
 
One of the two putative complemented V. midae SY9Mut2 mutants selected for further 
analysis was designated V. midae SY9Mut2.Comp.  A single 1924 bp DNA fragment was 
amplified from the recombinant construct pMR11 (Fig. 4.14, lane 2; Fig. 4.15) 
harbouring the full-length V. midae SY9 detergent resistant protease gene (Fig. 4.2) with 
the detergent resistant protease gene primers ProMutFwd and ProMutRev (Table 4.3).  
There was no amplification of a product for the no template control (Fig. 4.14, lane 1; 
Fig.4.15) or V. midae SY9Mut2 (Fig. 4.14, lane 5; Fig. 4.15).  A PCR product of 
approximately 7.2 kb would have been expected for V. midae SY9Mut2.  However, under 
the PCR conditions employed, amplification of such a large product was not likely.  A 
single 1924 bp amplicon was amplified from V. midae SY9 (Fig. 4.14, lane 4; Fig. 4.15) 
and V. midae SY9Mut2.Comp (Fig. 4.14, lane 6; Fig. 4.15).  Therefore, a full-length 
detergent resistant protease gene is present in pMR11, the wild type strain V. midae SY9 


















Figure 4.14 PCR confirmation of complementation of the insertionally inactivated 
mutant, V. midae SY9Mut2, by the recombinant suicide vector pGPro.Km.  
A schematic diagram (not to scale) of the chromosomal arrangement of 
V. midae SY9, V. midae SY9Mut2 and V. midae SY9Mut2.Comp (a), 
indicating the position of the primers ProMutFwd and ProMutRev.  The 
black squares and the black- and white-hatched squares represent the 
256 bp internal gene fragment cloned into pGP704 to construct pGP13.  
The thick black line represents the integrated pGP704 portion of pGP13, 
while the thin black line represents the pGP704 portion of pGPro.Km.  Gel 
electrophoresis of amplified 1924 bp PCR products, using primers 
ProMutFwd and ProMutRev (b).  Lane 1, No template control; lane 2, 
pMR11 (positive control); lane 3, empty; lane 4, V. midae SY9 
chromosomal DNA; lane 5, V. midae SY9Mut2 chromosomal DNA; 
lane 6, V. midae SY9Mut2.Comp chromosomal DNA.  The arrow 
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Figure 4.15 (Facing page) Schematic representation (not to scale) depicting the 
homologous recombination event that complemented V. midae SY9Mut2 
and the chromosomal arrangement of the resulting strain, 
V. midae SY9Mut2.Comp.  A) The chromosomal arrangement of the 
mutant V. midae SY9Mut2.  The stars represent the active site residues 
(red star - D
180
, blue star - H
213
 and green star - S
363
).  The green arrow 
represents the promoter region and direction of transcription.  The red 
crosses (X and X') represent the wild-type and inserted in-frame stop 
codons, respectively.  The yellow bar and the yellow hatched bar represent 
the 256 bp internal vmproA gene fragment cloned into pGP704 to form the 
recombinant suicide vector pGP13.  The thick black line represents the 
integrated pGP704 portion of the recombinant suicide vector pGP13.Cm.  
B) Recombinant suicide vector pGPro.Km (thin black line) containing the 
1.9 kb HindIII - HindIII fragment (large white hatched band) and a 
kanamycin resistant gene (not shown).  C) The chromosomal arrangement 
of the complemented insertional inactivation mutant, V. midae 
SY9Mut2.Comp, with the intergrated pGPro.Km recombinant suicide 
vector in the chromosomal DNA of V. midae SY9Mut2.  Relevant 
restriction enzyme recognition sites and their position relative to the 
EcoRI (1) restriction enzyme site are indicated. 
 
4.4.4 Growth and extracellular protease activity of V. midae SY9, 
V. midae SY9Pro2, V. midae SY9Mut2 and V. midae SY9Mut2.Comp 
 
A growth curve analysis was preformed to investigate the effect of mutating vmproA on 
cell growth and extracellular protease activity.  V. midae SY9, the mutants V. midae 
SY9Pro2 and V. midae SY9Mut2, and the complemented mutant 
V.midae SY9Mut2.Comp, were cultivated in shake flasks containing MMM, P-MBM and 
MMM-P. 
 
The growth profile and maximum specific growth rates of V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp are similar to that of V. midae SY9 

























































































































































































































Figure 4.16 The growth and extracellular protease activity profiles of V. midae SY9 
(A), V. midae SY9Pro2 (B), V. midae SY9Mut2 (C) and 
V. midae SY9Mut2.Comp (D) in MMM at 22°C on an orbital shaker 
(100 rpm) over the course of a 16 hour period.  The cell growth was 
monitored by absorbance (600 nm) readings (■) and alkaline protease 
activities (■) within the culture supernatant were determined using 
standard assays.  Data represents the mean ± standard error (n=3). 
 
The extracellular protease activity of the vmproA gene duplication mutant, 
V. midae SY9Pro2, was 0.25 U ml
-1
 after 16 hours of growth in MMM at 22 ºC 
(Fig. 4.16 B), which is a little lower than that of V. midae SY9 (0.34 U ml
-1
) when 
cultivated under the same conditions (Fig. 4.16 A).  While insertional inactivation of 
vmproA through the chromosomal integration of the recombinant suicide vector 
pGp13.Cm did not alter the bacterial growth profile, the extracellular protease activity is 
lower after the 16 hour analysis period for the mutant V midae SY9Mut2 in comparison 
with the wild-type strain when cultured in MMM (Fig. 4.16 C).  The highest extracellular 
protease activity (0.07 U ml
-1
) was recorded for V midae SY9Mut2 after 16 hours of 
growth in MMM at 22 ºC (Fig. 4.16 C).  Complementation of the insertional inactivation 
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of extracellular protease activity (0.30 U ml
-1
) for V. midae SY9Mut2.Comp when 
cultured in MMM at 22 ºC for 16 hours (Fig. 4.16 D). 
 
The growth profiles and calculated maximum specific growth rates (Table 4.4) of the 
mutants V. midae SY9Pro2 (Fig. 4.17 B) and V. midae SY9Mut2 (Fig. 4.17 C), and 
complemented mutant V. midae SY9Mut2.Comp (Fig. 4.17 D), are similar to that of 
V. midae SY9 (Fig. 4.17 A) when batch cultivated in shake flasks containing P-MBM at 


















































































































































































Figure 4.17 The growth and extracellular protease activity profiles of V. midae SY9 
(A), V. midae SY9Pro2 (B), V. midae SY9Mut2 (C) and 
V. midae SY9Mut2.Comp (D) in P-MBM at 22 °C on an orbital shaker 
(100 rpm) over the course of a 16 hour period.  The cell growth was 
monitored by absorbance (600 nm) readings (■) and alkaline protease 
activities (■) within the culture supernatant were determined using 
standard assays.  Data represents the mean ± standard error (n=3). 
 
The vmproA chromosomal duplication resulted in a slight decrease in the observed 
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22 ºC (Fig. 4.17B), when compared to V. midae SY9 (Fig. 4.17A).  The profile of the 
V. midae SY9Pro2 extracellular protease activity profile is however similar to that of the 
wild-type strain (Fig. 4.17A).  The extracellular protease activity levels of the insertional 
inactivation mutant V. midae SY9Mut2 (Fig. 4.17C) are significantly lower than that of 
V. midae SY9 (Fig. 4.17A) over the course of the 16 hour growth curve analysis.  
V. midae SY9 and V. midae SY9Mut2 extracellular protease activity levels are 
approximately 16.1 (Fig. 4.17A) and 3.6 U ml
-1 
(Fig. 4.17C), respectively, after 16 hours 
of growth in P-MBM at 22 ºC.  The extracellular protease activity of the complemented 
mutant (Fig. 4.17D) is higher than that of V. midae SY9Mut2 (Fig. 4.17C), and the 
protease activity profile and activity levels over the course of the growth curve are similar 
to that of the wild type strain (Fig. 4.17 A) when cultured in P-MBM at 22 ºC. 
 
The growth curve profiles of V. midae SY9 (Fig. 4.18A), V. midae SY9Pro2 (Fig. 4.18B), 
V. midae SY9Mut2 (Fig. 4.18C) and V. midae SY9Mut2.Comp (Fig. 4.18D) cultured in 
MMM-P at 22 °C are comparable over the course of the 16 hour analysis period.  
Accordingly, the maximum specific growth rates of V. midae SY9, V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp are very similar when these strains are 
cultured in MMM-P at 22 ºC (Table 4.4). 
 
The extracellular protease activity levels of the gene duplication mutant 
V. midae SY9Pro2 are higher than that of V. midae SY9, when both of the strains are 
cultivated in MMM-P at 22 ºC.  After 16 hours of growth the extracellular protease 
activity of V. midae SY9 was approximately 6.62 U ml
-1
, while V. midae SY9Pro2 
culture supernatant contained approximately 11.80 U ml
-1
 of alkaline protease activity.  
The extracellular protease activity levels of the insertionally inactivated mutant 
V. midae SY9Mut2 were lower than that of V. midae SY9 (Fig. 4.18C) when cultured in 
MMM-P at 22 ºC.  The mutant V. midae SY9Mut2 achieved a maximal level of protease 
activity of approximately 2.33 U ml
-1
 after 16 hours of growth in MMM-P (Fig. 4.18C).  
The complemented mutant strain V. midae SY9Mut2.Comp has a similar extracellular 
protease activity profile to V. midae SY9Pro2, achieving an extracellular protease activity 
level of approximately 10.2 U ml
-1

























































































































































































































Figure 4.18 The growth and extracellular protease activity profiles of V. midae SY9 
(A), V. midae SY9Pro2 (B), V. midae SY9Mut2 (C) and 
V. midae SY9Mut2.Comp (D) in MMM-P at 22 °C on an orbital shaker 
(100 rpm) over the course of a 16 hour period.  The cell growth was 
monitored by absorbance (600 nm) readings (■) and alkaline protease 
activities (■) within the culture supernatant were determined using 
standard assays.  Data represents the mean ± standard error (n=3). 
 
Table 4.4 Maximum specific growth rate of V. midae SY9, V. midae SY9Pro2, 
V. midae SY9Mut2 and V. midae SY9Mut2.Comp cultivated in shake 
flasks containing MMM, P-MBM and MMM-P at 22 ºC. 
 




MMM P-MBM MMM-P 
V. midae SY9 0.43 0.51 0.58 
V. midae SY9Pro2 0.40 0.53 0.60 
V. midae SY9Mut2 0.40 0.54 0.60 
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4.4.5 Zymogram analysis of V. midae SY9, V. midae SY9Pro2, V. midae SY9Mut2 
and V. midae SY9Mut2.Comp  
 
Gelatine and casein zymogram analyses were conducted in order to investigate the 
detergent resistant extracellular protease phenotype, and the molecular weight and 
number of extracellular alkaline proteases secreted by the V. midae SY9 mutant strains. 
 
4.4.5.1 Gelatine zymogram analysis 
 
A gelatine zymogram was performed on cell-free supernatant from V. midae SY9, 
V. midae SY9Pro2, V. midae SY9Mut2 and V. midae SY9Mut2.Comp in order to 
investigate the extracellular proteolytic phenotype of these strains.  The distinctive 
detergent resistant extracellular proteolytic enzyme is produced by V. midae SY9, 
V. midae SY9Pro2 and V. midae SY9Mut2.Comp (Fig. 4.19; lanes 1, 2 and 4), but was 
absent in the culture supernatant of V. midae SY9Mut2 (Fig. 4.19; lane 3).  This confirms 
that the V. midae SY9 extracellular detergent resistant protease gene, vmproA, was 
inactivated leading to loss of the detergent resistant proteolytic phenotype of 
V. midae SY9Mut2.   
 
4.4.5.2 Casein zymogram analysis  
 
A casein zymogram was also performed on cell-free supernatant from V. midae SY9, 
V. midae SY9Pro2, V. midae SY9Mut2 and V. midae SY9Mut2.Comp in order to further 
investigate the extracellular proteolytic phenotype of these strains.  The 40 kDa 
extracellular protease is produced and secreted by V. midae SY9, V. midae SY9Pro2 and 
V. midae SY9Mut2.Comp (Fig. 4.20; lanes 1, 2 and 4), but not by V. midae SY9Mut2 
(Fig. 4.20; lane 3).  This confirms that vmproA was inactivated leading to the loss of the 
40 kDa VmproA protease of V. midae SY9Mut2.  A faint 30 kDa protease band was also 
detected on the casein zymogram in V. midae SY9Mut2.Comp culture supernatant 










CHAPTER 4:   Construction and characterisation of V. midae SY9 vmproA mutants 
 
143 
size, were detected in the cell-free culture supernatant of V. midae SY9Mut2 (Fig. 4.20; 
















Figure 4.19 Gelatine zymogram investigating the detergent resistant proteolytic 
phenotype of V. midae SY9 (lane 1), V. midae SY9Pro2 (lane 2), V. midae 
SY9Mut2 (lane 3), and the complemented mutant V. midae 
SY9Mut2.Comp (lane 4) cultured in P-MBM for 24 hours at 22 °C.  Each 
lane was loaded with an equal volume of cell-free culture supernatant from 











Figure 4.20 Casein zymogram of culture supernatant from V. midae SY9 (lane 1), 
V. midae SY9Pro2 (lane 2), V. midae SY9Mut2 (lane 3), and the 
complemented mutant V. midae SY9Mut2.Comp (lane 4) cultured in 
P-MBM for approximately 24 hours at 22 °C.  Each lane was loaded with 
an equal volume of cell-free culture supernatant from a 24 hour culture 
inoculated to the same initial A600.  The arrows represent the approximate 
sizes, in kDa, of the protease bands. 
    1           2     3         4 





















V. midae SY9 vmproA mutant strains were constructed and characterised in order to 
enable more advanced and specific investigations into the function of the detergent 
resistant protease gene, vmproA, and its gene product VmproA, in the increased growth 
advantage of abalone fed a probiotic-supplemented diet (Macey and Coyne, 2005).   
 
The wild-type V. midae SY9 strain was altered by chromosomal vmproA gene 
duplication, in an attempt to produce an increased vmproA expression mutant, 
V. midae SY9Pro2.  Both chromosomal copies of vmproA within V. midae SY9Pro2 
would be under the control of their own promoter elements which are identical to the 
wild-type vmproA promoter.  Therefore, the duplicate mutant vmproA genes would not be 
constitutively- or over-expressed as they might have been if the additional vmproA gene 
was contained on a non-integrating plasmid.  Instead, the duplicated vmproA genes would 
presumably be expressed in response to the same stimuli as the wild-type, single copy 
vmproA gene; any increased expression and resulting extracellular protease activity 
would be as a result of mRNA transcripts being expressed from both vmproA genes 
within the chromosome of V. midae SY9Pro2.   
 
Chromosomal integration of pGPro.Cm was confirmed by Southern hybridization and 
shown to have no significant influence on the growth profile and growth rate of 
V. midae SY9Pro2 when cultured in a minimal medium, a high-protein growth medium, 
or a minimal medium supplemented with peptone as a protein source.  There was no 
observed increase in the activity profile or the levels of V. midae SY9Pro2 extracellular 
protease activity, compared to V. midae SY9, when cultured in either the minimal 
medium or P-MBM, despite the presence of a second chromosomal copy of vmproA 
within close proximity to the original vmproA.  The low levels of extracellular protease 
activity of V. midae SY9 and V. midae SY9Pro2 when cultured in the minimal medium 
may be the result of the bacteria secreting hydrolytic enzymes into the surrounding 
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of a suitable protease-inducing complex protein source within the minimal medium may 
have prevented expression of vmproA to the levels observed for cultures grown in an 
inducing medium such as P-MBM.  As a result, the alkaline protease activity remained 
relatively low over the course of the analysis period in comparison to the higher 
extracellular protease activity levels detected when the same strains were cultured in a 
high-protein growth medium.   
 
When V. midae SY9Pro2 was cultured in a minimal medium supplemented with peptone, 
the levels of extracellular protease activity were higher than that of V. midae SY9 
cultivated under the same conditions.  The difference between protease activity levels of 
V. midae SY9Pro2 when cultivated in P-MBM and MMM-P may be as a result of a 
growth medium component, such as yeast extract, within P-MBM.  Depending on the 
quality, properties and concentration of the reducing sugar, peptides, and amino acids 
present within a media component, such as yeast extract, the growth media may either 
induce or repress protease production and secretion (Singh et al., 2004).  The increased 
activity levels observed when V. midae SY9Pro2 was cultivated in MMM-P indicates that 
vmproA gene duplication has the potential to result in increased protease production 
under the appropriate culture conditions.  Casein and gelatine zymography showed that 
V. midae SY9Pro2 produced and secreted the detergent-stable 40 kDa extracellular 
alkaline protease. 
 
In this study, the V. midae SY9 detergent-stable extracellular protease gene was 
insertionally inactivated using the recombinant suicide vector pGP13.Cm.  Similar 
insertional inactivation strategies, using recombinant suicide vectors targeting specific 
proteolytic genes, have been used to construct knockout mutant strains of several Vibrio 
species in order to evaluate the functions of these proteases (Häse and Finkelstein, 1991; 
Milton et al., 1992; Jeong et al., 2000).  Chromosomal integration of pGP13.Cm into the 
vmproA gene resulted in a mutant strain displaying significantly reduced levels of 
extracellular protease activity in comparison with V. midae SY9.  Despite insertional 
inactivation of the vmproA gene, V. midae SY9Mut2 produced a low level of extracellular 
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not unexpected since Vibrio species are known to produce a number of extracellular 
proteases (Long et al., 1981; Farrell and Crosa, 1991; Wang et al., 2007).  Milton et al. 
(1992) constructed a mutant strain of V. anguillarum NB10 via the integration of a 
recombinant suicide vector into the 36 kDa metalloprotease gene.  The mutant strain, 
V. anguillarum NB12, displayed significantly reduced levels of extracellular proteolytic 
activity in comparison with the wild-type strain.  Despite inactivation of the 
metalloprotease gene, V. anguillarum NB12 produced a zone of clearing when cultured 
on gelatine solid media, although the zone was significantly smaller than that produced 
by the wild-type strain.  Häse and Finkelstein (1991) constructed a 
Haemagglutinin/Protease (HA/Protease) -negative strain of V. cholerae by mutating the 
HA/Protease (hap) gene through chromosomal integration of a plasmid harbouring a 
kanamycin-interrupted copy of the wild-type hap gene.  Despite the inactivation of the 
hap gene, V. cholerae HAP-1 displayed a proteolytic phenotype, although this was 
significantly diminished.  Häse and Finkelstein (1991) explain the extracellular 
proteolytic phenotype of the HA/Protease-negative strain to be the result of several 
additional un-mutated extracellular proteases produced and secreted by V. cholerae 
(Young and Broadbent, 1982).  The growth of the mutant strain, V. cholerae HAP-1, did 
not appear to be affected by insertional inactivation of the hap gene (Häse and 
Finkelstein, 1991).  Similarly in this study, despite inactivation of the vmproA gene and 
the loss of the predominant detergent resistant extracellular protease, V. midae SY9Mut2 
had similar growth profiles and growth rates to that of the wild type strain when 
cultivated in the marine growth media P-MBM and MMM-P at 22 ºC.  The extracellular 
protease enzyme activity of V. midae SY9Mut2 was significantly reduced in all the 
culture media investigated in this study, in comparison with V. midae SY9.  The low level 
of extracellular proteolytic activity observed for V. midae SY9Mut2 over the course of 
the 16 hour growth curve analysis was most likely the activity of several additional 
extracellular proteases.  Five extracellular proteases, of approximately 34, 30, 28, 17, and 
10 kDa in size, were detected in the culture supernatant of V. midae SY9Mut2.  The 
30 kDa protease detected within V. midae SY9Mut2 supernatant is approximately the 
same size as protease B (Chapter 3), which was previously observed on gelatine and 
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10 kDa protease band may be the smaller protease C (Chapter 3) that was previously 
detected on a gelatine zymogram.  Milton et al. (1992) observed two additional protease 
bands on a gelatine-SDS zymogram within the culture supernatant of 
V. anguillarum ND12 that were not detected in the supernatant of the wild-type and/or 
complemented mutant strains.  The two additional proteolytic enzymes were thought to 
either be the result of two extra protease genes that were up regulated in response to 
inactivation of the metalloprotease or two further proteolytic enzymes degraded in the 
presence of the 36 kDa metalloprotease (Milton et al., 1992).  Similarly, the remaining 
extracellular proteases that have to date only been detected on the V. midae SY9Mut2 
casein zymogram may be the result of up-regulation of genes encoding these protease 
proteins as a result of the inactivation of vmproA.  
 
In this study, the insertional inactivation mutant V. midae SY9Mut2 was complemented 
using the recombinant suicide vector pGPro.Km which integrated into the 
V. midae SY9Mut2 chromosome.  Complementation of inactivated genes is often used to 
confirm that the phenotype of a constructed mutant strain is a direct effect of the 
inactivation of a particular gene of interest.  V. cholerae HAP-1, a HA/Protease-negative 
strain of V. cholerae, was complemented with a non-integrating plasmid harbouring a 
full-length copy of the wild-type hap gene (Häse and Finkelstein, 1991).  Similarly, 
Jeong et al. (2000) complemented the V. vulnificus vvpE knock-out mutant strain with a 
plasmid containing a full-length and fully functional copy of the wild-type vvpE gene.  
The V. vulnificus vvpE mutant was complemented in order to confirm that the reduced 
proteolytic activity observed for the mutant strain was the result of the insertional 
inactivation of the functional vvpE gene and not due to a downstream polar effect of 
chromosomal integration of the recombinant suicide vector.  The V. midae SY9Mut2 
complemented mutant regained the extracellular proteolytic phenotype of the wild-type 
strain.  Indeed, V. midae SY9Mut2.Comp produced a larger zone of hydrolysis, in 
comparison with the wild-type strain, when cultured on solid skim-milk growth media 
(data not shown).  A similar effect was observed for the V. cholerae HAP-1 
complemented mutant (Häse and Finkelstein, 1991).  Chromosomal integration of 
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complemented mutant having the ability to produce and secrete VmproA.  
V. midae SY9Mut2.Comp produced and secreted the 40 kDa protease and displays the 
distinctive detergent-stable extracellular proteolytic phenotype of the wild-type strain.   
 
The growth profile of V. midae SY9Mut2.Comp was comparable to that of V. midae SY9, 
V. midae SY9Pro2 and V. midae SY9Mut2 in all of the culture media investigated in this 
study.  However, the protease activity of the complemented mutant strain was 
significantly higher than that of V. midae SY9Mut2 and was equivalent to that of the 
wild-type strain when the strains were cultivated in minimal medium or P-MBM.  When 
V. midae SY9Mut2.Comp was cultivated in MMM-P for approximately 16 hours, there 
was a 1.54-fold increase in extracellular alkaline protease activity in comparison with 
V. midae SY9 and a 4.38-fold increase in comparison with V. midae SY9Mut2.  The 
increased protease activity of the complemented mutant, in comparison with the wild-
type strain, may either be due to the presence of two promoter elements for vmproA 
within close proximity on the chromosome, or that the intact vmproA gene may have been 
separated from a transcriptional repressor.  Further investigation using northern blot 
hybridization analyses or RT-PCR to study vmproA expression in the complemented 
mutant, V. midae SY9 and V. midae SY9Mut2 may ascertain whether transcriptional up-
regulation is indeed responsible for the increased extracellular protease activity observed 
for V. midae SY9Mut2.Comp when cultivated in MMM-P.  
 
The V. midae SY9Pro2 and V. midae SY9Mut2 mutant strains of the probiont 
V. midae SY9 will be employed in an aquarium-based abalone growth trial (Chapter 5) to 
determine the role of vmproA, and its protease gene product VmproA, in the previously 
observed growth advantage of H. midae fed a probiotic-supplemented formulated diet 
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V. midae SY9, V. midae SY9Pro2 and V. midae SY9Mut2 were investigated in an 
abalone growth trial in order to elucidate the role of vmproA in the previously 
observed growth advantage of probiotically supplemented H. midae (Macey and 
Coyne, 2005).  The feasibility of using vacuum impregnation technology to 
incorporate the probiotic strains into a formulated feed was assessed to ensure that the 
feed contained more than 1.0 x 10
6




 S34.  The optimal 
storage condition for vacuum impregnated feed was found to be 4 ºC.  Although there 
was a significant (P<0.05) decline in the number of culturable probiotic cells within 
the impregnated ABFEED
®
 S34 stored at 4ºC, the viable number of probiotic cells 
remained above a critical level of 1.0 x 10
6




 S34 over a 
10 day period for all three probiotic strains.  V. midae SY9 supplementation of 
ABFEED
®
 S34 weaning chips resulted in a 6.5% improvement in the growth rate of 
H. midae, in comparison with abalone fed a basal diet over the course of a 180 day 
growth trial.  Supplementation of ABFEED
®
 S34 with V. midae SY9Pro2 and 
V. midae SY9Mut2 increased abalone growth rates by 15.0 and 14.5%, respectively.  
In situ protease assays showed that the alkaline protease activity within the 
crop/stomach and intestinal regions of the abalone digestive tract was significantly 
(P<0.05) increased in animals fed the V. midae SY9 supplemented diet.  Abalone fed 
ABFEED
®
 S34 containing the mutant strains V. midae SY9Pro2 and 
V. midae SY9Mut2 did not have enhanced protease activity within the crop/stomach 
region when compared to the basal fed animals.  The crop/stomach and intestinal 
in situ alkaline protease activity of animals fed V. midae SY9Pro2 supplemented feed 
was significantly lower (P<0.05) than in abalone that received the V. midae SY9 
supplemented ABFEED
®
 S34 diet.  However, the in situ protease activity within the 
intestinal regions of animals fed V. midae SY9Pro2 supplemented feed was 
significantly higher (P<0.05) than in abalone being fed either the basal feed or a 
V. midae SY9Mut2 supplemented diet.  The in situ protease activity within the 
intestinal regions of abalone fed either the basal diet or the basal diet supplemented 















The success of any agricultural practice involving animal production relies on 
optimized growth of the cultured species so that the animals reach a marketable size 
in an economically viable timeframe (Fleming, 1995).  One of the main challenges 
facing the abalone aquaculture industry is to improve the relatively slow growth rate 
of abalone.  While the growth rate of wild populations of abalone is very slow, initial 
research into abalone aquaculture in South Africa showed that the growth rate of 
cultured animals was faster than that of natural abalone stocks (Cook, 1990).  
However, it still takes in the region of five years for cultured animals to reach a 
marketable size of approximately 100 grams.  Research on improving the growth rate 
of cultured abalone has focused on the development of artificial diets (Simpson, 1994; 
Knauer et al., 1996; Britz and Hecht, 1997), optimizing feed conversion ratios (Britz, 
1996; Bautista-Teruel et al., 2003) and culture conditions (Cook, 1990; Britz and 
Hecht, 1997; Britz et al., 1997; Harris et al., 1998a; Harris et al., 1999).  
 
The ongoing research into the development of artificial formulation diets for H. midae 
culture is considered critical to the long-term growth and success of the local abalone 
aquaculture industry (Britz, 1994).  The most important nutritional parameters are the 
protein, essential amino acids, lipids, vitamins and mineral content of the artificial 
feed (Hahn, 1989a).  Of these, protein is the most expensive dietary component of 
abalone artificial feeds (Fleming et al., 1996).  Abalone growth rates have been 
positively correlated to the dietary protein content of the artificial feed (Britz, 1996).  
Therefore, the protein content of artificial feed is essential for growth, and by either 
using easily digested protein sources or improving the ability of the animal to digest 
the available protein within the artificial feed, the growth rate can be improved, 
resulting in increased production and profits for the abalone aquaculture industry. 
 
Enteric bacteria have been implicated in the nutrition of various marine organisms 
(Erasmus et al., 1997; Simon and McQuaid, 1999; Bairagi et al., 2002; Kar and 
Ghosh, 2008).  Erasmus et al. (1997) showed that enteric bacteria are present 
throughout the digestive tract of the South African abalone, H. midae and that these 
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through secretion of hydrolytic enzymes that contribute to the pool of digestive 
enzymes available for the digestion of complex polysaccharides by the abalone host.  
Therefore, Erasmus et al. (1997) suggested that dietary supplementation with selected 
bacteria might improve the growth rate of cultured abalone as a consequence of 
improved digestion efficiency and feed utilization.  
 
In the first reported study of this nature on the South African abalone, the growth rate 
of farm-based H. midae was increased by dietary supplementation with a mixture of 
three probiotic strains, Vibrio midae SY9, Cryptococcus sp. SS1 and 
Debaryomyces hansenii AY1 (Macey and Coyne, 2005).  The three-probiotic strains 
were mixed with the ingedients of ABFEED
®
 S34, extruded and dried at the Marifeed 
(Pty.) Ltd. factory in Hermanus, South Africa.  The probiotic strains were added to the 
formulation feed to achieve a final concentration of approximately 10
7





 S34.  The probiotic-supplemented ABFEED
®
 S34 pellets were 
fed to H. midae in two large, long-term, farm-based growth trials that were conducted 
on two size classes of abalone with initial shell lengths of 20 and 67 mm in order to 
assess the effect of dietary probiotic supplementation on both small and larger 
abalone.  The monthly growth rate in shell length of the smaller animals increased by 
up to 8%, while the larger animals grew up to 33% faster following probiotic 
supplementation for 252 and 186 days, respectively.  The improvement in the monthly 
growth rate in weight of the smaller animals was 7%, while the larger animals grew 
35% faster following probiotic supplementation for 252 and 186 days, respectively.  
 
Macey and Coyne (2005) also showed that abalone receiving the probiotic 
supplemented diet had significantly increased levels of intestinal protease activity and 
an improved ability to digest and absorb proteins in comparison to animals receiving 
the basal ABFEED
®
 S34 diet.  A significant correlation was detected between the 
presence of V. midae SY9 and enhanced alkaline protease activity within the intestinal 
regions of probiotically supplemented ABFEED
®
 S34 (Macey, 2005).  Therefore, 
Macey and Coyne (2005) concluded that the increased protein digestion efficiency 
may be due to V. midae SY9 secreted extracellular proteases within the abalone 
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In the investigation conducted by Macey and Coyne (2005), the probiotically 
supplemented ABFEED
®
 S34 was prepared at Marifeed (Pty.) Ltd.  However, for the 
purposes of this study we were unable to make use of the mixing, extrusion and 
drying facilities of the commercial Marifeed (Pty.) Ltd. factory and investigated the 
feasibility of several alternative methods of incorporating the V. midae SY9 strains 
into ABFEED
®
 S34.  The only practical solution at our disposal at the time of this 
investigation was to supplement ABFEED
®
 S34 weaning chips with V. midae SY9 
and the mutant strains (Chapter 4) using a vacuum infusion system provided by 
Atlantic Sea Farm, St. Helena Bay.  
 
Vacuum impregnation technologies have been employed to introduce liquid micro 
ingredient additives and physiologically active compounds such as probiotic 
microorganisms into porous products (Betoret et al., 2003; reviewed by Alzamora et 
al., 2005).  Indeed, vacuum impregnation systems have been successfully used within 
the pet food and aquaculture feed manufacturing industries to incorporate heat labile 
additives such as vitamins, lipids, oils, minerals, digestive enzymes and probiotic 
bacteria into extruded and dried feed, in order to preserve the biological value of the 
infused micro ingredient (http://www.firstmate.com/default.aspx and 
http://www.uas.bc.ca).  Investigations regarding the feasibility of incorporating viable 
microorganisms into porous foods have shown that Saccharomyces cerevisiae, 
Lactobacillus acidophilus, Phoma glomerata and Bifidobacterium spp. Bb12 could be 
incorporated into apple pieces by vacuum impregnation (Rodríguez, 1998 and 
Maguiña et al., 2002, as reviewed by Alzamora et al., 2005).  During vacuum 
impregnation, the products to be impregnated are placed in an airtight chamber and a 
vacuum is drawn within the chamber using a vacuum pump.  During the vacuum 
cycle, air is extracted from both the air-filled spaces within the porous feed product 
and out of the airtight chamber (Fito, 1994 as reviewed in Alzamora et al., 2005).  
Thereafter, the impregnation liquid containing the additive is sprayed into the 
chamber, thoroughly coating the feed and air is then allowed to re-enter the chamber 
in a slow and controlled manner.  As the pressure within the chamber returns to 
atmospheric pressure, the impregnation liquid containing the micro ingredient 
additives is forced into the spaces within the feed pellets or chips by capillary action 
(Fito, 1994 as reviewed in Alzamora et al., 2005).  The additive-containing feed can 
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preserve the additive (http://www.firstmate.com/default.aspx and 
http://www.uas.bc.ca). 
 
5.2.1 Aim of this chapter 
 
The aim of this study will be to determine the feasibility of vacuum infusion as a 
method to supplement ABFEED
®
 S34 weaning chips with probiotic bacterial strains 
for use in an aquarium based growth trial.  The ABFEED
®
 S34 weaning chips will be 
vacuum infused with the probiotic strain V. midae SY9 and the mutant strains 
V. midae SY9Mut2 and V. midae SY9Pro2 (Chapter 4), and fed to juvenile H. midae.  
In situ protease activity and growth parameters of animals receiving either a control 
basal ABFEED
®
 S34 weaning chip diet or an ABFEED
®
 S34 diet supplemented with 
either V. midae SY9, V. midae SY9Pro2 or V. midae SY9Mut2 will be compared.  In 
so doing, we aim to better understand the role of vmproA in the previously observed 










CHAPTER 5:   Effect of V. midae SY9 and mutant strains on H. midae growth 
 
156 
5.3 Materials and Methods 
 
All the growth media and solutions used in this study are listed in Appendix A. 
 
5.3.1 Bacterial strains and plasmids  
 
All the bacterial strains used in this study are listed in Table 5.1. 
 







Vibrio midae SY9 Isolated from the digestive tract of 
H. midae, South Africa 
Macey and 
Coyne, 2005 
Vibrio midae SY9Mut2 V. midae SY9 strain harbouring the 






Vibrio midae SY9Pro2 V. midae SY9 strain harbouring the 









, chloramphenicol resistant. 
 
5.3.2 Preparation of experimental ABFEED
®
 S34 diets 
 
The basal diet used in this study was ABFEED
®
 S34 Weaning Chips (Marifeed (Pty.) 
Ltd., Hermanus, South Africa).  The three probiotic-supplemented diets were prepared 
by incorporating the three bacterial strains, V. midae SY9, V. midae SY9Mut2 and 
V. midae SY9Pro2 (Table 5.1), separately into ABFEED
®

















Figure 5.1 The vacuum impregnation apparatus (a) used for incorporation of the 
probiotic strains into ABFEED
®
 S34 weaning chips.  The vacuum 
pump is attached to a vacuum jar with a plastic hose and a valve.  The 
vacuum jar has a lid with an efficient air-tight seal and a pressure 
gauge (b) on top to maintain and monitor the pressure within the 
vacuum jar during the vacuum impregnation process. 
 
5.3.2.1 Cultivation of V. midae SY9, V. midae SY9Mut2 and V. midae SY9Pro2 
for incorporation into the experimental diets 
 
All three bacterial strains were grown for 8 hours in 5 ml starter cultures of P-MBM 
(Appendix A.1.3) for V. midae SY9 and P-MBM supplemented with chloramphenicol 
(Appendix A.2.2) to a concentration of 30 µg ml
-1
 for V. midae SY9Mut2 and 
V. midae SY9Pro2 on an orbital shaker (100 rpm) at 22 °C.  Three flasks, each 
containing 100 ml P-MBM, were inoculated with the entire volume of each starter 
culture and incubated on an orbital shaker (100 rpm) for 12 hours at 22 ºC.  The 
100 ml cultures were inoculated into five litre flasks (in triplicate), containing 
1000 ml of P-MBM, to achieve an initial A600 of 0.02 and incubated for 24 hours at 
22 °C with shaking (100 rpm).  Thereafter, the bacterial cells were harvested by 
centrifugation (8,000x g for 15 minutes at 4 °C), washed with one volume of ASW 
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5.3.2.2 Incorporation of the probiotic bacterial strains into the ABFEED
®
 S34 
experimental diet by vacuum impregnation 
 
The bacterial strains were incorporated into ABFEED
®
 S34 weaning chips using 
vacuum impregnation technology (Fig. 5.1), to a final concentration of at least 
1.0 x 10
8




Approximately 200 g of the ABFEED
®
 S34 weaning chips were placed inside the 
glass vacuum jar (Fig. 5.1a) which was then sealed with a rubber seal and a tight 
clamp.  A vacuum pump was used to draw a vacuum within the glass jar to 80 kPa, 
and 20 ml of the resuspended bacteria (section 5.3.2.1) was then drawn into the 
vacuum jar and thoroughly mixed with the feed by shaking the vessel.  During the 
process of drawing the bacterial suspension into the chamber, the vacuum within the 
vacuum jar decreased to 50 kPa and was subsequently maintained at 50 kPa for 
5 minutes.  Thereafter, the vacuum was slowly released to atmospheric pressure and 
the impregnated ABFEED
®
 S34 weaning chips were removed and placed on clean 
Whatman 3MM paper to dry (section 5.3.2.2.1). 
 
5.3.2.2.1 Optimal post-vacuum impregnation drying conditions 
 
Post-vacuum impregnation drying conditions were assessed in order to determine the 
optimal conditions for cell survival and viability.  A batch of V. midae SY9Mut2, 
cultivated as described in section 5.3.2.1, was vacuum impregnated as described in 
section 5.3.2.2 and then dried at either 37 ºC for 2 hours or 22 ºC for 16 hours.  The 
cell viability and survival following the drying process was assessed by homogenizing 
1 g quantities (in triplicate) of undried, freshly infused and dried (22 and 37 ºC) 
infused ABFEED

 S34 weaning chips in 4 ml of ASW (Appendix A.2.1).  Viable cell 
numbers were determined by spread-plating serial dilutions, in ASW, of the 
homogenized ABFEED

 onto MA (Appendix A.1.2) containing 30 µg ml
-1
 
chloramphenicol (Appendix A.2.2).  Cell numbers were recorded after incubating the 
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paired Student t-tests using SigmaStat 3.11.0 (Systat Software, Inc.).  Statistically 
significant differences were established at critical levels of P<0.05. 
 





In order to determine the optimal storage temperature for the probiotic impregnated 
ABFEED

, a batch of each of the three probiotic strains (cultivated as described in 
section 5.3.2.1) was impregnated, as described in section 5.3.2.2, dried at 22 ºC for 16 
hours and then stored at 4 and 22 ºC for up to 10 days.  Viable bacterial cell counts 
were determined by homogenizing 1 g quantities (in triplicate) of infused ABFEED

 
in 4 ml of ASW (Appendix A.2.1).  Serial dilutions, in ASW, of the homogenized 
ABFEED

 S34 weaning chips supplemented with the probiotic strains were spread-
plated onto MA (Appendix A.1.2) to culture V. midae SY9 and MA supplemented 
with chloramphenicol (Appendix A.2.2) at a concentration of 30 µg ml
-1
 to culture the 
mutant strains V. midae SY9Mut2 and V. midae SY9Pro2.  Culturable bacterial cell 
numbers were recorded after incubating the V. midae SY9 strains for 48 hours at 




.  The viable 
cell count data was natural log transformed and analyzed by paired Student t-tests 
using SigmaStat 3.11.0 (Systat Software, Inc.).  Statistically significant differences 
were established at critical levels of P<0.05. 
 





The stability of the probiotic bacteria in the vacuum impregnated ABFEED

 S34 
weaning chips incubated in the flow-through growth trial tanks was investigated.  
This was done in order to determine how often the impregnated ABFEED

 S34 
would need to be removed from the abalone tanks and replaced with fresh 
impregnated ABFEED

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A batch of V. midae SY9Mut2 vacuum impregnated ABFEED

 S34 weaning chips 
was prepared as described in section 5.3.2.2.  Approximately 50 g of impregnated 
ABFEED
®
 weaning chips were placed in an otherwise empty abalone basket (30 x 24 
x 26 cm) suspended in a large plastic tank (68 x 40 x 38 cm).  Seawater, pumped 
directly from the sea, passed through the tank at a rate of approximately 330 
litres hour
-1
.  The tank was aerated by means of a large air stone suspended inside the 
tank. 
 
A sample was immediately removed (T = 0) and after this, samples were removed at 
30 minutes, 24 and 72 hours.  Viable bacterial cell counts were determined by 
homogenizing 1 g quantities (in triplicate) of infused ABFEED

 S34 weaning chip 
samples in 4 ml of ASW (Appendix A.2.1).  Serial dilutions, in ASW, of the 
homogenized ABFEED

 samples were spread-plated onto MA (Appendix A.1.2) 
supplemented with chloramphenicol (Appendix A.2.2) at a concentration of 
30 µg ml
-1
 to culture the mutant strain, V. midae SY9Mut2.  Culturable bacterial cell 
numbers were recorded after incubating the V. midae SY9Mut2 for 48 hours at 22 ºC.  




.  The viable cell count 
data was analyzed using SigmaStat 3.11.0 (Systat Software, Inc.) by one-way 
ANOVA.  When the results of the one-way ANOVA were significant, the Tukey test 
was used to test for significant differences between the sample means.  Statistically 
significant differences were established at critical levels of P <0.05. 
 
5.3.3 Haliotis midae growth trial 
 
The effect of the three probiotic strains, V. midae SY9, V. midae SY9Mut2 and 
V. midae SY9Pro2 included in ABFEED
®
 S34 weaning chips, on H. midae growth 
was investigated in a laboratory based growth trial.  This trial was conducted at the 
Marine and Coastal Management Research Aquarium, Sea Point, South Africa.  
Abalone were obtained from Atlantic Sea Farm, St. Helena Bay, South Africa.  
Abalone were housed in baskets (30 x 24 x 26 cm) suspended in large plastic tanks 
(68 x 40 x 38 cm) (Fig. 5.2 and 5.3).  Seawater passed through the tanks at a rate of 
approximately 330 litres hour
-1
 and was aerated by means of a large air stone 
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length) and were stocked at a density of 33 animals/basket.  Animals were 
acclimatized to the conditions at the aquarium for 4 weeks prior to the beginning of 
the growth trial.  During this acclimatization period, all the abalone were fed the 
control basal diet of ABFEED

 S34 weaning chips.  For the growth trial, the abalone 
were divided into four separate tanks, each containing two baskets.  Abalone in each 
tank were fed a different diet (Fig. 5.2).  Abalone in the first tank were fed the basal 
diet of ABFEED

 S34 weaning chips, while the animals in the second tank were fed 
the basal diet supplemented with V. midae SY9.  H. midae in the third tank were fed 
the basal diet supplemented with V. midae SY9Mut2, and the abalone in the fourth 




Figure 5.2 Schematic diagram of the experimental set-up of the H. midae growth 
trial. 
 
Prior to the start of the growth trial, each animal was individually labeled with a 
numbered tag (Fig. 5.3b).  This was done in order to enable monitoring of the growth 
of individual animals over the course of the growth trial, as the growth of individual 
abalone is inherently variable (Leighton and Boolootian, 1963).  The numbered tags 
were made by laminating a small piece of paper with a unique number printed on it 
between two sheets of latex rubber (Rubber Dam) using cyanoacrylate glue (Super 
Glue, Alcolin).  Once dry, these individual latex identification tags were stuck onto 
the dried shell of the animals using cyanoacrylate glue.  
 
Vacuum impregnated feed was prepared once every 10 days for the duration of the 











Basket 1  
Basal feed 
Basket 2  
V. midae SY9 
Basket 1  
V. midae SY9 
Basket 2  
V. midae 
SY9Mut2 






Basket 1  
V. midae 
SY9Mut2 
Basket 2  
V. midae 
SY9Pro2 










CHAPTER 5:   Effect of V. midae SY9 and mutant strains on H. midae growth 
 
162 







 S34 weaning chips and that the bacterial count was 





Figure 5.3 A tank (a) and juvenile abalone (b) used in the Haliotis midae growth 
trial.  The tank receives freshly filtered seawater from the tap visible at 
the top of the picture, and contains two labeled baskets (a).  Each 
basket contains half-round PVC pipes used as a refuge for the animals 
in the growth trial, and an air stone, as seen in one of the baskets (a).  
The individually numbered green latex tags are visible on the posterior 
part of the shells of the abalone clustered within a piece of half-round 
PVC pipe (b). 
 
The abalone were fed the respective ABFEED
®
 S34-based diets three times a week, 
with each basket receiving an equal amount of feed.  The feed was evenly distributed 
to maximize the feeding opportunities of the abalone within each basket.  All uneaten 
food was removed from the baskets, and the tanks and baskets were thoroughly 
cleaned three times a week before the addition of fresh feed.  The duration of the 
growth trial experiment was six months.  The weight, shell length, and shell width 
measurements were taken approximately every eight weeks throughout the course of 
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along the longest axis to the nearest 0.01 mm using electronic vernier calipers.  
Individual abalone were gently dried with paper toweling (Kimberly-Clarke) before 
their weight was measured to the nearest 0.01 g using an electronic balance (Mettler 
PE3600).  
 
The total increase in length, width and mass at each sampling time was calculated by 
subtracting the final weight, width or length from the initial weight, width or length 
for that individual animal.   
 
Monthly growth rate in shell length (mm/month) was calculated using the formula: 
 
   Monthly growth rate (mm month
-1










where Lo is the initial abalone shell length and Lt is the abalone shell length at time t 
(days).  
 
Monthly growth rate in shell width (mm/month) was calculated using the formula: 
 
   Monthly growth rate (mm month
-1










where Wdo is the initial abalone shell width and Wdt is the abalone shell width at time 
t (days).  
 
Monthly growth rate in weight was calculated according to the formula: 
 
   Monthly growth rate (g month
-1










where W0 is the initial abalone weight and Wt is the abalone weight at time t (days).  
 
The condition factor is a measure of the mass of an abalone per unit shell length 
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where CF is the condition factor, W is the mean abalone weight (in grams) and L is 
the mean shell length (in mm). 
 
The growth parameters of all the abalone were initially measured at the start of the 
growth trial (T = 0) and at each sampling point thereafter (56, 111 and 180 days).  The 
shell length, shell width and weight were measured for each animal in order to obtain 
an average length, width and weight of the animals receiving each of the four dietary 
treatments at each sampling point.  The monthly growth rate, in terms of shell length, 
shell width, and weight, and condition factor were calculated for each animal in order 
to obtain an average for the abalone receiving each of the four diets.  The data 
obtained from the duplicate baskets within each treatment (diet) was grouped at each 
sampling point for statistical purposes. 
 
5.3.3.1 Statistical analyses 
 
The effects of probiotic dietary supplementation on the growth and growth rate 
parameters (shell length, shell width and weight) and CF of juvenile H. midae were 
analysed using repeated measures (RM) two-way analyses of variance (ANOVA).  
SigmaStat 3.11.0 (Systat Software, Inc.) was used to perform post hoc pairwise 
multiple comparisons on significant effects and interactions using the Tukey Test 
method.  Statistically significant differences were established at critical levels of 
P<0.05. 
 
5.3.4 In situ enzyme assays 
 
At the end of the growth trial (180 days), three abalone from each basket (41.35 mm ± 
2.12 mm shell length) were removed and immediately sacrificed.  The entire digestive 
tract was aseptically removed from each animal.  The animals were maintained on ice 
to prevent degradation of digestive tract proteins during the dissection.  The 
crop/stomach and intestinal regions (Fig. 5.4) were carefully dissected away from 
each other.  The crop/stomach and intestinal regions were placed into separate sterile 
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was added to each microfuge tube and the samples were gently mixed with a sterile 
glass rod to extrude the contents of the crop/stomach and intestinal digestive tract 
regions.  Thereafter, the digestive tract samples were centrifuged (13,000x g for 
10 minutes at 4 ºC) to pellet any digestive tract debris, cellular material, bacterial cells 






















Figure 5.4 Schematic diagram of the Haliotis midae digestive tract regions, 
showing the portions that were excised for the in situ alkaline protease 
activity assay.  The black arrows indicate where the crop/stomach and 
intestinal regions were dissected from the remainder of the digestive 
tract.  Figure adapted from Erasmus et al. (1997). 
 
 
As the volume of the individual digestive tract samples was insufficient for analysis, 
the supernatant from the digestive tract samples of the six-abalone samples within 
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extracellular protease activity (section 5.3.4.1) and protein concentration 
(section 5.3.4.2) of the pooled samples was determined immediately. 
 
5.3.4.1 Extracellular protease enzyme assay 
 
The protease activity of the crop/stomach and intestinal samples was determined as 
described in Appendix B.22.  
 
5.3.4.2 Protein quantitation 
 
The extracellular protein concentration of the crop/stomach and intestinal samples 
was determined using the Bradford protein assay as described in Appendix B.24. 
 
5.3.4.3 Statistical analyses 
 
The in situ protease activity data for the intestinal samples was analysed by the 
Kruskal-Wallis one-way ANOVA on ranks, using SigmaStat 3.11.0.  When the 
effects were significant, the Student t-test was used to test for significant differences 
between the sample means.  Significant differences were established at P<0.05. 
 
The in situ protease activity data for the crop/stomach samples was analysed by 
one-way ANOVA.  When the results of the ANOVA were significant, the 
Holm-Sidak multiple comparison method was used in order to determine the 
significant differences in protease activity due to the type of feed, using SigmaStat 















5.4.1 Optimal post- vacuum impregnation drying conditions for 
V. midae SY9Mut2 viability 
 
In order to determine the optimal drying conditions for vacuum impregnated 
ABFEED
®
 S34 weaning chips, the number of culturable cells was determined for 
impregnated ABFEED
®
 S34 weaning chips dried at 22 ºC for 16 hours and 37 ºC for 
2 hours.  The viable number of V. midae SY9Mut2 cells decreased from a post-






 S34 to 






 S34 following the 16-hour drying period 
at 22 ºC.  The number of viable probiotic cells within the vacuum impregnated 
ABFEED
®
 S34 weaning chips decreased from the level following vacuum 






 S34 following two hours drying at 
37 ºC.  The decline in viable V. midae SY9Mut2 cells during post-vacuum 
impregnation drying at both 22 and 37 ºC was a significant reduction (P<0.05) from 
the number of viable V. midae SY9Mut2 cells within the ABFEED
®
 S34 immediately 
following vacuum impregnation (Fig. 5.5).  However, there was no significant 
(P>0.05) difference between the viable cell counts following either method of drying 
the V. midae SY9Mut2 vacuum impregnated ABFEED
®
 S34 weaning chips (Fig. 5.5).  
Thus, either temperature could be used to dry the vacuum impregnated ABFEED
®
 
S34 weaning chips prior to feeding the abalone in the growth trial.  
 





In order to determine the optimal storage temperature for the probiotic supplemented 
ABFEED
®
 S34, the number of culturable cells was determined for impregnated 
ABFEED
®
 S34 stored at constant temperatures of 4 and 22 ºC.  When the feed was 
stored at 22 ºC (data not shown), there was a dramatic decline in the number of 
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strains stored at 4 ºC (Fig. 5.6).  After 7 days there were no culturable cells detected 
for any of the three strains impregnated and stored at 22 ºC (data not shown).   
 
 







 S34) after 
vacuum impregnation, and then after being dried at 22 ºC for 16 hours 
and 37 ºC for 2 hours.  Data represents the mean ± standard error of 
three batches of impregnated ABFEED
®
 S34 weaning chips.  Different 
postscripts indicate a significant difference (P<0.05) between sample 
means. 
 
There was a steady and significant (P<0.05; paired t-test) decline in the level of 
culturable cells between virtually all measurement points over the course of the 29 
day period for all three V. midae SY9 strains when the impregnated feed was stored at 
4 ºC (Fig. 5.6 and Appendix C Table 1).  The only exception was that there was not a 
significant (P>0.05) decrease in the number of viable V. midae SY9 cells within the 
vacuum impregnated ABFEED
®
 S34 weaning chips stored at 4 ºC between days 14 
and 22 (Fig. 5.6 and Appendix C Table 1).  Although the viability of the probiotic 
impregnated feed was improved by storage at 4 ºC, fresh feed would need to be 
prepared every 7 days in order to ensure that the animals in the growth trial received 
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Figure 5.6 Viability of Vibrio midae SY9 (■), Vibrio midae SY9Mut2 (■), and 
Vibrio midae SY9Pro2 (■) probiotic strains in vacuum impregnated 
ABFEED
®




 S34) stored at a constant 
temperature of 4 ºC over the course of 29 days.  Data represents the 
mean ± standard error of three batches of each strain of vacuum 
infused ABFEED
®
 S34 weaning chips.   
 





In order to investigate probiotic bacterial leaching from supplemented ABFEED
®
 S34 
weaning chips, the number of viable V. midae SY9Mut2 cells within the 
supplemented feed was determined over the course of three days in a flow-through 
abalone tank.  The number of culturable V. midae SY9Mut2 cells within the 
probiotically supplemented ABFEED
® 













 after the feed had been immersed 
in the flowing seawater for only 30 minutes (Fig. 5.7).  However, after a further 24 
hours the number of culturable V. midae SY9Mut2 within the impregnated ABFEED
®
 
had significantly (P<0.05) increased from the viability level observed after 30 






.  After another 48 hours, the 
viable counts of V. midae SY9Mut2 associated with the feed had significantly 






.  Therefore, probiotic supplemented 
ABFEED
®
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), incubated in 
a flow-through abalone tank over the course of 72 hours.  Data 
represents the mean ± standard error of three batches of vacuum 
impregnated ABFEED
®
 S34 weaning chips.  Different postscripts 
indicate a significant difference (P<0.05) between sample means. 
 
5.4.4 Growth Trial 
 
A growth trial was conducted in order to determine the effect of VmproA on the 
growth of H. midae.  The abalone were fed either a basal control diet of ABFEED
®
 
S34 weaning chips or the basal diet supplemented with either V. midae SY9, 
V. midae SY9Pro2 or V. midae SY9Mut2.  The abalone growth parameters of shell 
length, shell width and weight were monitored over a 180 day period.   
 
There was no significant difference (P>0.05) between the initial shell length (Fig. 5.8 
and Appendix C Table 2), shell width (Fig. 5.9 and Appendix C Table 3) or weight 





















































































Figure 5.8  Mean length (mm) of Haliotis midae fed the ABFEED
®
 S34 basal diet 
(■), or ABFEED
®
 S34 supplemented with Vibrio midae SY9 (■), 
ABFEED
®
 S34 supplemented with Vibrio midae SY9Mut2 (■), 
ABFEED
®
 S34 supplemented with Vibrio midae SY9Pro2 (■) during 
the course of the growth trial.  Data represents the mean ± standard 
error.  Different postscripts indicate a significant difference (P<0.05) 


























Figure 5.9  Mean width (mm) of Haliotis midae fed the ABFEED
®
 S34 basal diet 
(■), ABFEED
®
 S34 supplemented with Vibrio midae SY9 (■) 
ABFEED
®
 S34 supplemented with Vibrio midae SY9Mut2 (■), 
ABFEED
®
 S34 supplemented with Vibrio midae SY9Pro2 (■) during 
the course of the growth trial.  Data represents the mean ± standard 
error.  Different postscripts indicate a significant difference (P<0.05) 
between mean shell width values. 
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Figure 5.10 Mean weight (g) of Haliotis midae fed the ABFEED
®
 S34 basal diet 
(■), ABFEED
®
 S34 supplemented with Vibrio midae SY9 (■), 
ABFEED
®
 S34 supplemented with Vibrio midae SY9Mut2 (■), 
ABFEED
®
 S34 supplemented with Vibrio midae SY9Pro2 (■) during 
the course of the growth trial.  Data represents the mean ± standard 
error.  Different postscripts indicate a significant difference (P<0.05) 
between mean weight values. 
 
The animals within all of the treatment groups grew significantly (P<0.05) over the 
course of the 180 day experimental period in mean shell length (mm) (Fig. 5.8), width 
(mm) (Fig. 5.9) and weight (g) (Fig. 5.10).   
 
The mean shell length (Fig. 5.8 and Appendix C Table 2) of the abalone receiving the 
basal and the three probiotically supplemented artificial diets were not significantly 
different (P>0.05) after 56 days of the growth experiment.  After 111 and 180 days of 
treatment there was a slight, although not statistically significant (P>0.05), increase in 
the mean shell length (Fig. 5.8 Appendix C Table 2) of the animals receiving the 
V. midae SY9 supplemented artificial feed compared to the animals being fed the 
basal ABFEED
®
 S34 weaning chips diet.  The mean shell length (Fig. 5.8 and 
Appendix C Table 2) of the abalone fed ABFEED
®
 S34 supplemented with 
V. midae SY9Pro2 and V. midae SY9Mut2 increased significantly (P<0.05) in 
comparison to the control animals after 111 and 180 days of the growth trial.  There 
was no significant difference (P>0.05) between the shell length (Fig. 5.8 and 
Appendix C Table 2) of the abalone fed the three probiotic supplemented diets over 
the 180 day duration of the growth trial.  Probiotic supplementation with 










CHAPTER 5:   Effect of V. midae SY9 and mutant strains on H. midae growth 
 
173 
V. midae SY9, V. midae SY9Pro2, V. midae SY9Mut2 resulted in a 2.5, 4.6 and 3.9% 
improvement, respectively, in abalone shell length (mm) over the 180 day growth trial 
in comparison to the growth in shell length of the control animals (Table 5.2). 
 
Table 5.2 The percentage increase in shell length and growth rate (in shell 
length) of Haliotis midae fed ABFEED
®
 S34 weaning chips 
supplemented with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 















56 111 180 56 111 180 
V. midae SY9 1.5 2.4 2.5 9.9 10.4 6.5 
V. midae SY9Pro2 1.4 4.2 4.6 10.5 21.3 15.0 
V. midae SY9Mut2 1.8 4.6 3.9 18.2 25.7 14.5 
 
a
 - Percentage increase was calculated as a percentage relative to the shell length of the 
abalone receiving the basal ABFEED
®
 S34 weaning chips diet at 56, 111 and 180 days. 
b
 - Percentage increase was calculated as a percentage relative to the growth rate of the 
abalone receiving the basal ABFEED
®





































Figure 5.11 Mean growth rate in length (mm month
-1
) of Haliotis midae fed the 
ABFEED
®
 S34 basal diet (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9 (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9Mut2 (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9Pro2 (■) during the course of the growth trial.  Data 
represents the mean ± standard error.  Different postscripts indicate a 
significant difference (P<0.05) between mean growth rate length 
values. 
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The mean abalone growth rate in shell length (mm month
-1
) (Fig. 5.11 and 
Appendix C Table 5) was significantly improved (P<0.05) following dietary 
supplementation of the basal diet with V. midae SY9Mut2 in comparison to abalone 
fed the control diet over the course of the first 56 days of the growth trial.  There was 
no significant difference (P>0.05) in the mean growth rate, in terms of shell length, 
between the animals receiving the ABFEED
®
 S34 basal diet supplemented with 
V. midae SY9, V. midae SY9Pro2 or V. midae SY9Mut2 at 56 and 180 days of the 
growth trial (Fig. 5.11 and Appendix C Table 5).  There was however, a significant 
difference (P<0.05) between the growth rate of the animals fed the wild type strain 
and the animals fed the mutant strain V. midae SY9Mut2 at 111 days.  Despite the 
growth rate of the abalone receiving the V. midae SY9 supplemented diet being 
improved in comparison to abalone fed the control diet, the differences in the growth 
rates of the control animals and the V. midae SY9 fed animals at 56, 111 and 180 days 
was not statistically significant (P>0.05) (Fig. 5.11 and Appendix C Table 5).  
However, abalone fed the basal diet supplemented with either V. midae SY9Pro2 or 
V. midae SY9Mut2 were significantly improved (P<0.05) in comparison to animals 
receiving the basal diet after 111 and 180 days (Fig. 5.11 and Appendix C Table 5).   
 
On the whole, there was no significant (P>0.05) increase in the growth rate, in terms 
of shell length, between abalone fed the basal control diet and those fed the control 
diet supplemented with V. midae SY9 over the duration of the growth trial 
(Appendix C Table 6).  However, supplementation of ABFEED
®
 S34 weaning chips 
with the mutant strains V. midae SY9Pro2 and V. midae SY9Mut2, resulted in a 
significant (P<0.05) increase in growth rate, in terms of shell length, in comparison to 
basal ABFEED
®
 S34 fed animals (Appendix C Table 6).  Supplementation of 
ABFEED
®
 S34 weaning chips with V. midae SY9Mut2, resulted in a significant 
(P<0.05) increase in growth rate, in terms of shell length, in comparison to abalone 
fed V. midae SY9 supplemented feed (Appendix C Table 6).  Probiotic 
supplementation of the H. midae formulation diet resulted in a 6.5, 15.0 and 14.5% 
improvement in the growth rate in terms of shell length (mm month
-1
) of abalone fed 
either V. midae SY9, V. midae SY9Pro2 or V. midae SY9Mut2, respectively, over the 
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The initial mean shell width (mm) of the individual abalone was not significantly 
different (P>0.05) within each treatment group (Fig. 5.9 and Appendix C Table 3).  
There were no significant differences (P>0.05) between the mean shell widths 
(Fig. 5.9 and Appendix C Table 3) of the abalone receiving the four different 
experimental ABFEED
®
 S34-based diets after the initial 56 days of the growth trial 
experiment.  However, after 111 and 180 days, the animals receiving the two mutant 
probiotically-supplemented diets were observed to have increased shell widths in 
comparison to that of the basal diet fed abalone.  Although the difference in mean 
shell widths between the basal fed animals and the V. midae SY9 supplemented 
animals was not statistically significant (P>0.05) at 111 and 180 days, the difference 
between the basal fed abalone and those receiving the two mutant strains of 
V. midae SY9 was significant (P<0.05) after 111 and 180 days of the growth trial.  
There was also no significant difference (P>0.05) between the mean abalone shell 
width (Fig. 5.9 and Appendix C Table 3) of the animals fed the three probiotic 
supplemented diets, at each measurement point, over the duration of the growth trial 
experiment.  Probiotic supplementation with V. midae SY9, V. midae SY9Pro2 or 
V. midae SY9Mut2 resulted in a 3.1, 5.6 and 4.7% improvement, respectively, in 
abalone shell width (mm) over the duration of the growth trial in comparison to the 
growth in width of the control fed abalone (Table 5.3). 
 
The mean growth rate, in terms of shell width (mm month
-1
), of the abalone receiving 
the V. midae SY9, V. midae SY9Pro2 and V. midae SY9Mut2 supplemented diets was 
higher than that of the animals being fed the basal control diet (Fig. 5.12).  However, 
after 56 days of growth, only the growth rate in shell width of the animals fed the 
V. midae SY9Mut2 supplemented diet was significantly increased (P<0.05), in 
comparison to the growth rate of the basal, V. midae SY9 and V. midae SY9Pro2 fed 
animals (Appendix C Table 7).  After a growth trial period of 111 days, the growth 
rate of the abalone fed the V. midae SY9 supplemented diet was not significantly 
increased (P>0.05), in comparison to the growth rate of the basal fed animals.  The 
growth rate of the animals receiving the V. midae SY9Pro2 and V. midae SY9Mut2 
supplemented diets was significantly improved (P<0.05) in comparison with the 
growth rate of the basal ABFEED
®
 S34 weaning chips fed abalone (Fig. 5.12 and 
Appendix C Table 7).  Furthermore, the mean growth rate, in terms of shell width, of 
abalone receiving the ABFEED
®
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V. midae SY9Pro2 and V. midae SY9Mut2 was significantly improved (P<0.05) in 
comparison to the control animals (Fig. 5.12 and Appendix C Table 7) over the 
duration of the 180 day growth trial period.  Overall, the growth rate in terms of shell 
width of the animals receiving the basal ABFEED
®
 S34 diet was not significantly 
different (P>0.05) to that of the animals fed the basal diet supplemented with 
V. midae SY9 (Appendix C Table 8).  There was however a significant improvement 
(P<0.05) in the growth rate of the abalone fed the control diet supplemented with the 
two mutant strains V. midae SY9Pro2 and V. midae SY9Mut2 (Appendix C Table 8).  
The abalone fed the ABFEED
®
 S34 basal diet supplemented with V. midae SY9, 
V. midae SY9Pro2 or V. midae SY9Mut2 were observed to have a 11.2, 20.5 and 
27.0%, respectively, improvement in the growth rate (shell width) after 111 days of 
the growth trial (Table 5.3).  The growth rate of H. midae fed a formulation diet 
supplemented with V. midae SY9, V. midae SY9Pro2 or V. midae SY9Mut2 was 
enhanced by 9.9, 19.6 and 19.9%, respectively, over the course of the 180 day growth 
trial (Table 5.3). 
 
Table 5.3 The percentage increase in shell width and growth rate (in shell width) 
of Haliotis midae fed ABFEED
®
 S34 weaning chips supplemented 
with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 















56 111 180 56 111 180 
V. midae SY9 1.1 2.7 3.1 5.7 11.2 9.9 
V. midae SY9Pro2 1.2 4.3 5.6 7.0 20.5 19.6 
V. midae SY9Mut2 1.3 4.5 4.7 17.8 27.0 19.9 
 
a
 - Percentage increase was calculated as a percentage relative to the shell width of the 
abalone receiving the basal ABFEED
®
 S34 weaning chips diet at 56, 111 and 180 days. 
b 
- Percentage increase was calculated as a percentage relative to the growth rate in width 
of the abalone receiving the basal ABFEED
®



















































Figure 5.12 Mean growth rate in shell width (mm month
-1
) of Haliotis midae fed 
the ABFEED
®
 S34 basal diet (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9 (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9Mut2 (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9Pro2 (■) during the course of the growth trial.  Data 
represents the mean ± standard error.  Different postscripts indicate a 
significant difference (P<0.05) between mean growth rate width 
values. 
 
There was no significant difference (P>0.05) between the initial mean (0 days) weight 
of the individual abalone within each treatment group (Fig. 5.10 and Appendix C 
Table 4).  The mean mass of the abalone receiving the basal diet and those being fed 
the three probiotically-supplemented diets were not statistically significantly (P>0.05) 
different after 56 days of the growth trial.  After a period of 111 days there was no 
significant difference (P>0.05) between the mean weight of the animals fed the basal 
control diet and the animals fed the basal diet supplemented with V. midae SY9 
(Fig. 5.10 and Appendix C Table 4).  After 111 days there was also no significant 
difference (P>0.05) between the mean mass of the animals receiving the three 
different probiotically supplemented diets.  However, the mean weight of the animals 
fed the basal diets supplemented with the two mutant strains, V. midae SY9Pro2 and 
V. midae SY9Mut2, were significantly improved (P<0.05) in comparison to the mean 
weight of the control animals after 111 days of the growth trial.  After 180 days, the 
mean masses of the abalone fed the three probiotically supplemented 
ABFEED
®
-based diets were improved in comparison to that of the animals fed the 
basal ABFEED
®
 S34 diet.  However, there was no significant difference (P>0.05) 
between the mean weight of the abalone fed the basal control diet and the animals fed 
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the basal diet supplemented with V. midae SY9 (Fig. 5.10 and Appendix C Table 4).  
The mean mass of the animals fed the basal diet supplemented with 
V. midae SY9Pro2 was significantly improved (P<0.05) in comparison to that of the 
animals fed either the basal control diet or the V. midae SY9 supplemented diet.  
There was no significant difference (P>0.05) between the mean mass of H. midae fed 
either the V. midae SY9Mut2 or the V. midae SY9Pro2 supplemented ABFEED
®
 S34 
diets.  Probiotic supplementation with V. midae SY9, V. midae SY9Pro2 or 
V. midae SY9Mut2 resulted in a 2.4, 11.5, and 8.8% improvement, respectively, in 
abalone mass (g) over the 180 day growth trial period (Table 5.4). 
 
Table 5.4 The percentage increase in weight and growth rate (in weight) of 
Haliotis midae fed ABFEED
®
 S34 weaning chips supplemented with 
either Vibrio midae SY9, Vibrio midae SY9Pro2 or 















56 111 180 56 111 180 
V. midae SY9 4.6 5.6 2.4 8.4 7.7 2.0 
V. midae SY9Pro2 4.0 13.5 11.5 8.5 24.3 16.7 
V. midae SY9Mut2 5.5 13.4 8.8 16.1 26.0 13.7 
 
a
 - Percentage increase was calculated as a percentage relative to the weight of the 
abalone receiving the basal ABFEED
®
 S34 weaning chips diet at 56, 111 and 
180 days. 
b 
- Percentage increase was calculated as a percentage relative to the growth rate in 
weight of the abalone receiving the basal ABFEED
®
 S34 weaning chips diet at 
56, 111 and 180 days. 
 
The growth rate in weight of the abalone receiving the three probiotically-
supplemented diets was improved in comparison to that of the animals fed the basal 
ABFEED
®
 S34 weaning chips diet over the course of the 180 day growth trial period.  
However, there was no significant difference (P>0.05) between the growth rate in 
weight of the animals fed the basal control diet and those receiving the V. midae SY9 
supplemented diet at each measurement point over the duration of the growth trial 
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between the growth rates in weight of the animals fed ABFEED
®
 S34 weaning chips 
supplemented with the mutant strains V. midae SY9Pro2 and V. midae SY9Mut2 after 
111 and 180 days of the growth trial (Fig. 5.13 and Appendix C Table 9).  Over the 
same period, the growth rates in weight of abalone fed the control diet supplemented 
with V. midae SY9Pro2 were significantly (P<0.05) improved in comparison to 








































Figure 5.13 Mean growth rate in weight (grams month
-1
) of Haliotis midae fed the 
ABFEED
®
 S34 basal diet (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9 (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9Mut2 (■), ABFEED
®
 S34 supplemented with 
Vibrio midae SY9Pro2 (■) during the course of the growth trial.  Data 
represents the mean ± standard error.  Different postscripts indicate a 
significant difference (P<0.05) between mean growth rate weight 
values. 
 
Overall, the growth rate in weight of abalone receiving the basal ABFEED
®
 S34 diet 
was not significantly different (P>0.05) to that of the animals fed the basal diet 
supplemented with V. midae SY9 or V. midae SY9Pro2 (Appendix C Table 10).  
However, there was a significant improvement (P<0.05) in the growth rate of abalone 
fed the control diet supplemented with the mutant strain V. midae SY9Mut2 in 
comparison to the growth rate of abalone fed either the control diet or the control diet 
supplemented with V. midae SY9 (Appendix C Table 10).  The abalone fed the basal 
diet supplemented with V. midae SY9, V. midae SY9Pro2 or V. midae SY9Mut2 had a 
2.0, 16.7 and 13.7% improvement in the growth rate in terms of weight, respectively, 
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over the course of the 180-day growth trial period in comparison to the growth rate of 
the basal fed animals (Table 5.4). 
 
The CF of H. midae within all the treatment groups increased over the initial 56 day 
period (Table 5.5).  However, statistical analysis revealed that there was no significant 
influence (P>0.05) on the CF of abalone fed the four experimental ABFEED
®
 S34 
weaning chip diets throughout the 180 day experimental period 
(Appendix C Table 11). 
 
Table 5.5 The condition factor (mean ± standard error) of Haliotis midae fed 
ABFEED
®
 S34 weaning chips, ABFEED
®
 S34 weaning chips 
supplemented with Vibrio midae SY9, ABFEED
®
 S34 weaning chips 
supplemented with Vibrio midae SY9Pro2 or ABFEED
®
 S34 weaning 
chips supplemented with Vibrio midae SY9Mut2 over the course of a 
180 day growth trial. 
 






0 56 111 180 
Basal 1.096±0.010 1.179±0.011 1.186±0.012 1.190±0.013 
V. midae SY9 1.105±0.012 1.171±0.012 1.160±0.009 1.138±0.011 
V. midae SY9Pro2 1.106±0.014 1.170±0.013 1.180±0.011 1.170±0.011 
V. midae SY9Mut2 1.103±0.013 1.172±0.012 1.165±0.012 1.159±0.011 
 
5.4.5 In situ protease activity  
 
An in situ protease assay was conducted to determine the presence and levels of 
extracellular alkaline protease activity within the digestive tract of H. midae fed the 
different diets investigated in the growth trial (section 5.4.4).  In the process, we 
hoped to be able to elucidate the possible extracellular protease enzyme contribution 
of the probiotic strain V. midae SY9, and the mutant strains V. midae SY9Pro2 and 
V. midae SY9Mut2, to the pool of proteolytic digestive enzymes within the 
crop/stomach and intestinal regions of H. midae.  Thus, the soluble protein fraction of 
the contents of the crop/stomach and intestinal regions of H. midae fed either the 
basal ABFEED
®
 S34 diet or the ABFEED
®
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SY9, V. midae SY9Mut2 or V. midae SY9Pro2 were compared in terms of the 
specific alkaline protease activity within the digestive tract samples. 
 
There was no significant difference (P>0.05) between the protease activity levels 
within the crop/stomach (Fig. 5.14 A and Appendix C Table 12) and intestinal 
(Fig. 5.14 B and Appendix C Table 13) regions of abalone fed the basal ABFEED
®
 
S34 and the V. midae SY9Mut2 supplemented ABFEED
®
 S34 diets.  The lowest 
protease activity within the crop/stomach region was observed in the animals fed the 
ABFEED
®




















































Figure 5.14 In situ protease activity in the crop/stomach (A) and the intestinal (B) 
regions of the digestive tract of Haliotis midae fed either the basal 
ABFEED
®
 S34 weaning chips diet, or ABFEED
®
 S34 diets 
supplemented with Vibrio midae SY9, Vibrio midae SY9Mut2 or 
Vibrio midae SY9Pro2.  Data represents the mean ± standard error 
(n=6).  Different postscripts represent a significant difference (P<0.05) 
between the in situ protease activity (U mg
-1
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In situ protease activity within the intestinal region of abalone fed V. midae SY9Pro2 
supplemented ABFEED
®
 S34 was significantly (P<0.05) higher than that in animals 
fed either the ABFEED
®
 S34 control diet or the V. midae SY9Mut2 supplemented 
ABFEED
®
 S34.  However, the in situ protease activity within the intestinal region of 
abalone fed V. midae SY9Pro2 supplemented ABFEED
®
 S34 was significantly 
(P<0.05) lower than that in animals fed the V. midae SY9 supplemented ABFEED
®
 
S34 weaning chips diet (Fig. 5.14 B and Appendix C Table 13).  Indeed, the abalone 
fed the ABFEED
®
 S34 weaning chips diet supplemented with V. midae SY9 had the 
highest specific protease activity within the crop/stomach (Fig. 5.14 A and 
Appendix C Table 12) and intestinal regions (Fig. 5.14 B and Appendix C Table 13) 
















Abalone are relatively slow growing marine gastropods and even when cultured in an 
intensive aquaculture environment they take four to five years to reach a marketable 
size.  Farm-based growth trials have however shown that the growth rate of the South 
African abalone species Haliotis midae can be improved by up to 30% through 
dietary probiotic supplementation (Macey and Coyne, 2005; ten Doeschate and 
Coyne, 2008).  An increased growth rate following probiotic dietary supplementation 
may be the result of several possible modes of probiotic action, including enzymatic 
contribution to digestion through the secretion of extracellular enzymes.  Secretion of 
extracellular enzymes by probiotic strains may increase the pool of digestive enzymes 
available to the host (De Schrijver and Ollevier, 2000; Lara-Flores et al., 2003; Ziaei-
Nejad et al., 2006; Wang, 2007), thereby improving the digestion efficiency of the 
host (Macey and Coyne, 2005; ten Doeschate and Coyne, 2008).  In so doing, the 
level of nutrient absorption within the digestive tract may increase (Macey and 
Coyne, 2005), and in addition the host may be able to use the probiotic bacteria as an 
additional source of protein and nutrients (ten Doeschate, 2005). 
 
The aim of this study was to demonstrate the specific mode of action of V. midae SY9 
and the vmproA protease gene thought to be responsible for improving the growth rate 
of cultured abalone.  In this study we constructed (Chapter 4) and employed vmproA 
gene duplication and insertionally inactivated vmproA mutants V. midae SY9Pro2 and 
V. midae SY9Mut2, together with V. midae SY9, in a H. midae growth trial to 
investigate the effect of VmproA on abalone growth.   
 
An important consideration is that the probiotic microorganisms are viable and 
consistently incorporated into the experimental feed.  While the levels of probiotic 
organisms incorporated into supplemented feeds vary, all seem to constantly supply a 




 (Al-Dohail et al., 2009; Castex et 
al., 2008; Castex et al., 2009; Iehata et al., 2009; Li et al., 2009; Macey and Coyne, 
2005; Merrifield et al., 2009; Rengpipat et al., 1998; Saenz DE Rodrigáñez et al., 
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Coyne (2006) suggested that viable probiotic microorganisms need to be present 




 in order to make a 
significant contribution to the host’s digestive enzyme levels.  However, the levels of 
probiotic cells supplied to the host may be subject to the method of supplementation, 
bacterial species, and target organism.  Finfish studies involving dietary 







have resulted in enhanced immune parameters and response to bacterial challenge 
(Gildberg et al., 1997; Gildberg and Mikkelsen, 1998; Robertson et al., 2000; 
Nikoskelainen et al., 2003).  Macey and Coyne (2005) incorporated probiotic strains 
into the formulation feed ABFEED
®
 S34 prior to extrusion and drying, to achieve a 




 of dried feed.  Rengpipat et 
al. (1998) employed a similar method of co-extrusion to incorporate the probiotic 





.  The probiotic strains Lactobacillus sp. strain a3 and 
Enterococcus sp. strain s6 were added to a commercial abalone feed to achieve a final 




 for use in a study of colonisation and 
probiotic effects on cultured Haliotis gigantean (Iehata et al., 2009).  In another 
investigation into the influence on H. midae growth by dietary supplementation with a 
probiotic strain Pseudoalteromonas sp. strain C4, abalone were fed kelp cakes 





(ten Doeschate and Coyne, 2008).   
 
In this study, ABFEED
®
 S34 weaning chips were supplemented with the three 
V. midae SY9 probiotic strains (Chapter 4) by means of vacuum impregnation.  
Vacuum impregnation technology has previously been used for probiotic 
supplementation of porous foods (Betoret et al., 2003).  Betoret et al. (2003) 







of the human probiotic strains S. cerevisiae and Lactobacillus casei (spp. rhamnosus).  
A cryo-SEM technique was used to verify that the impregnating liquid, containing 
viable S. cerevisiae and L. casei cells, had replaced the gas within apple intercellular 
spaces.  Dehydration of live probiotic cultures is a common method of viably 
maintaining probiotics for functional applications (reviewed in Meng et al., 2008).  
Betoret et al. (2003) found that post-impregnation drying at 40 ºC for 48 hours 
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strains within supplemented apple samples.  S. cerevisiae viable cell counts declined 








 following drying, 
while the L. casei viable cell numbers dropped from 1.8 x 10
8
 after vacuum 




 after being air dried.  However, the authors 
concluded that despite the loss in probiotic viability during the preparation process, 
vacuum impregnation was a satisfactory method of enriching porous foods with 
probiotic microorganisms (Betoret et al., 2003).   
 
Optimization of the manufacturing, drying and storage conditions could help to ensure 
that live probiotic cultures remain viable and retain their functionality through the 
abalone feed preparation process.  Therefore, preparation and storage of ABFEED
®
 
S34 probiotically supplemented experimental diets was optimized in order to ensure 
that the probiotic strains could be viably, stably and consistently incorporated into 
ABFEED
®
 S34 weaning chips for use in the growth trial.  Similarly to Betoret et al. 
(2003), we observed a significant decline in the number of viable V. midae SY9Mut2 
cells during the course of the post-impregnation drying processes at both 22 and 
37 ºC.  There was no difference in the observed survival of the probiotic strain under 
the two different post-impregnation drying conditions investigated in this study and so 
either temperature could be employed for drying the feed.   
 
The optimal storage temperature was investigated to ensure that ABFEED
®
 S34 
weaning chips supplemented with the three different V. midae SY9 strains (Chapter 4) 
could be stored for a reasonable period, without a significant loss in the viability of 
the incorporated probiotic strains.  Despite a gradual loss in viability of the three 
different V. midae SY9 strains within vacuum impregnated ABFEED
®
, the optimal 
storage temperature was determined to be 4 ºC.  The feed could also be stored at 4 °C 
for approximately 10 days without the number of viable cells decreasing below the 
pre-determined threshold of approximately 10
6




.  Macey (2005) also 
observed an optimal storage temperature of 4 ºC for V. midae SY9 incorporated into 
ABFEED
®
 S34, however, there was no significant decrease in culturable V. midae 
SY9 over a period of six weeks at the constant storage temperature of 4 ºC.  The 
difference in the storage periods of V. midae SY9 supplemented ABFEED
®
 S34 
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possibly be attributed to the different methods of supplementing the ABFEED
®
 S34 
formulation feed with the probiotic strain.  As mentioned in the introduction to this 
chapter, Macey and Coyne (2005) mixed the probiotic strains with the formulation 
feed prior to extrusion and drying of ABFEED
®
 at the Marifeed™ (Pty) Ltd. factory.  
Although ABFEED
®
 S34 weaning chips can be stably supplemented with 
V. midae SY9 strains by vacuum impregnation technology, this method of 
supplementing ABFEED
®
 may not be as effective as the co-extrusion method 
employed by Macey and Coyne (2005).  This may be especially the case for long-
term storage of viable probiotic strains within abalone formulation feeds, as there was 
a significant difference in the period of time that feeds could be viably stored at 4 ºC 
between this study and that of Macey and Coyne (2005).   
 
The efficiency of vacuum impregnation for supplementing ABFEED
®
 with probiotic 
strains was initially of concern during this study, especially the stability of the 
probiotic strains within the impregnated feed in the flow-through tanks.  Therefore, 
the number of viable V. midae SY9Mut2 probiotic cells in supplemented ABFEED
®
 
S34 immersed in the abalone tanks was monitored over a three day period.  Viable 







 S34 weaning chips after the three-day trial period.  
Therefore, fresh V. midae SY9 supplemented feed was supplied every three days over 
the duration of the H. midae growth trial.  This would ensure that the abalone always 
had access to ABFEED
®






Previous investigations by Macey and Coyne (2005) and ten Doeschate and Coyne 
(2008) into the growth of abalone in response to dietary probiotic supplementation 
only measured shell length and animal wet weight as growth parameters.  During the 
course of this study, in addition to measuring these growth parameters, we also 
measured and calculated abalone growth rates in terms of shell width, which in fact 
showed the most significant improvement in abalone growth rate.  Abalone shells 
grow in spirals (Hahn, 1989a), forming rings that are similar to the growth rings on a 
tree (Lin et al., 2008).  New nacre is laid down along the growing edge towards the 
anterior of the shell, with less being added to the sides and posterior portions of the 
shell (Hahn, 1989a).  The anterior edge of the abalone shell is very fragile and prone 
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were not damaged during handling and measurements.  However, there are 
differences between the calculated growth rates based on shell length and width.  
Therefore, due to the less-fragile nature of the sides of abalone shells, the width 
measurements may provide a more accurate assessment of shell growth and growth 
rate of abalone in growth trials of this nature.   
 
Growth and growth rate, in terms of shell length, shell width and animal weight, of 
H. midae fed an ABFEED
®
 diet supplemented with either V. midae SY9 or the two 
V. midae SY9 mutant strains were enhanced in comparison to the abalone fed the 
control diet of ABFEED
®
 S34 weaning chips.  This is in agreement with previous 
investigations showing that H. midae fed probiotically supplemented diets have 
increased growth rates when compared to abalone fed basal control diets (Macey and 
Coyne, 2005; ten Doeschate and Coyne, 2008).   
 
In this study, abalone fed the basal diet supplemented with V. midae SY9 grew faster 
and had increased growth rates compared to the animals fed the control diet, although 
these effects were not significant.  The improvement in the growth parameters of 
H. midae fed the V. midae SY9 supplemented diet was not as considerable as 
previously observed by Macey and Coyne (2005).  The growth trial conducted by 
Macey and Coyne (2005) was however carried out using three probiotic strains, 
including V. midae SY9, over a period of eight months and therefore a direct 
comparison can not be drawn.  The enhanced growth observed for H. midae fed the 
V. midae SY9 supplemented diet in this study was not significantly (P>0.05) 
improved in comparison to the animals fed the basal control diet.  This was especially 
noticeable between 111 and 180 days of the growth trial.  The relative percentage 
growth rate improvement of animals fed the V. midae SY9 supplemented diet, in 
comparison to those animals fed the control diet, decreased substantially from 111 to 
180 days for all of the growth parameters measured.  Macey and Coyne (2005) did 
observe a slight decline in the growth rate of H. midae across the two dietary 
treatments over the course of their growth trial.  However, the growth rates of the 
animals receiving the probiotically-supplemented diet were improved significantly in 
comparison to the animals fed the basal diet.  For example, the growth rate in terms of 
shell length of small and large animals fed ABFEED
®
 S34 supplemented with a 
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(Macey and Coyne, 2005).  To date, the effect of dietary supplementation with 
V. midae SY9 alone on the growth of cultured H. midae has not been investigated and, 
therefore, the probiotic effect of V. midae SY9 alone is not presently known.   
 
In the present study, abalone fed V. midae SY9Pro2 or V. midae SY9Mut2 
supplemented basal diets had significantly (P<0.05) enhanced growth and growth 
rates in terms of shell length and shell width when compared to H. midae fed the 
control diet over the course of the 180 day growth trial.  Growth rates in shell length, 
shell width and mean weight were improved by 15.0, 19.6 and 16.7%, respectively, 
by V. midae SY9Pro2 supplementation.  Similarly, V. midae SY9Mut2 dietary 
supplementation resulted in a 14.5, 19.9, and 13.7% improvement in growth rates of 
shell length, shell width and mean weight, respectively.  These improvements in 
growth parameters represent a substantial increase in the growth rate of relatively 
small cultured H. midae. 
 
V. midae SY9Mut2 supplementation also resulted in significant (P<0.05) 
enhancement of abalone growth and growth rate in comparison to H. midae fed the 
control diet supplemented with V. midae SY9 after 180 days of the growth trial.  
There was no significant difference (P>0.05) in the growth and growth rate of abalone 
fed the basal feed supplemented with V. midae SY9 in comparison to animals fed 
V. midae SY9Pro2 supplemented feed.  Unexpectedly, the growth of the animals 
receiving the V. midae SY9 supplemented diet appeared to decline more substantially 
than that of the abalone fed either the basal ABFEED
®
 S34 diet or the basal diet 
supplemented with V. midae SY9Mut2 or V. midae SY9Pro2 between 111 and 180 
days of the growth trial.  This may have resulted in the significant differences 
detected in the three growth parameters measured in abalone fed either the 
V. midae SY9 or the V. midae SY9Pro2 and V. midae SY9Mut2 supplemented diets at 
180 days of the growth trial.  It is unlikely that the differences detected in abalone 
growth rates after 180 days was due to a tank effect.  The abalone in the growth trial 
were stocked at a similar density and received fresh sea water from the same source at 
approximately the same flow rate.  The growth trial feeds supplemented with 
probiotic bacteria were prepared and stored in the same manner.  In addition, the 
numbers of culturable probiotic cells within the experimental feeds were monitored 
routinely to ensure that each batch of vacuum impregnated ABFEED
®
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were similar to each other.   
 
The condition factor (CF) relates the association between the mass of an abalone per 
unit shell length and describes the amount of ingested feed devoted to the 
development of both the body mass and shell length (Britz, 1995; Britz, 1996; Dlaza, 
2006).  Therefore, a higher CF value implies that more nutrients were invested in 
development of body mass rather than shell length.  Dlaza (2006) recorded a 
significantly improved CF of 1.312 g mm
-1
 for juvenile H. midae (initial shell length 
12.717±0.0151 mm) fed an ABFEED
®
 S34 diet for 11 months.  The mean CF of the 
abalone fed the four experimental diets increased over the 180 day growth trial period.  
Interestingly, a decline in the mean CF values at 111 to 180 days was observed for all 
the abalone fed the probiotically supplemented diets, while the mean CF of the 
animals fed the basal diet increased at each sampling point over the 180 day period.  
There were no statistically significant differences observed between the mean CF 
values of abalone fed the ABFEED
®
 basal diet or the probiotically supplemented diets 
over the course of the 180 day trial.  Therefore, none of the experimental diets 
investigated in this study significantly altered the growth ratio between weight and 
shell length. 
 
The alkaline protease activity within the crop/stomach and intestinal regions of the 
H. midae digestive tract was compared in abalone fed an ABFEED
®
 S34 basal diet 
and animals fed the basal diet supplemented with either V. midae SY9, 
V. midae SY9Pro2 or V. midae SY9Mut2.  This was done in order to determine 
whether there was a difference in the levels of alkaline protease activity within the 
digestive tract of H. midae fed the three different probiotically supplemented diets and 
whether these differences could be correlated to the presence or absence of VmproA.   
 
In situ alkaline protease activity was higher within the crop/stomach than the 
intestinal region of the H. midae digestive tract, regardless of whether the animals 
were fed the basal diet or the basal diet supplemented with any of the three 
V. midae SY9 strains.  Similarly, Macey and Coyne (2008) observed higher levels of 
both in situ protease and amylase activity within the crop/stomach region in 
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animals’ diet.  The abalone hepatopancreas is the primary organ involved in the 
storage of digestive enzymes (Campbell, 1965; Bevelander, 1988; Picos-García 
et al., 2000; Garcia-Esquivel and Felbeck, 2006), including proteolytic enzymes, 
which it secretes directly into the crop/stomach via the caecum (Bevelander, 1988).  
Therefore, proteolytic enzymes produced and secreted by the abalone into the 
crop/stomach are most likely responsible for the higher in situ alkaline protease 
activity observed in the crop/stomach compared to the intestine.  Despite the many 
digestive enzymes secreted from the digestive gland into the crop/stomach region, this 
region is not considered the site of amino acid and peptide absorption in H. midae 
(Macey and Coyne, 2005).  Macey and Coyne (2005) detected lower levels of protein 
digestion and absorption within the crop/stomach than in the intestinal regions of the 
H. midae digestive tract.  They concluded that the intestine is the main site of protein 
digestion and absorption.  Therefore, production and secretion of protease enzymes by 
V. midae SY9 within the abalone intestine in particular, may provide the most 
significant contribution to enhancing the digestion efficiency of H. midae. 
 
Total protease activity within the crop/stomach and intestine of H. midae fed 
ABFEED
®
 S34 supplemented with V. midae SY9 was significantly (P<0.05) 
increased when compared to the abalone receiving the basal ABFEED
®
 diet and for 
this particular feed, increased protease activity did correlate with increased growth 
parameters.  Similar results have been observed in related investigations into 
improved growth rates and increased digestive enzyme activity levels of aquacultured 
species through dietary supplementation with selected bacterial isolates (Macey and 
Coyne, 2005; Yanbo and Zirong, 2006; Ziaei-Nejad et al., 2006; Wang, 2007; Suzer 
et al., 2008; ten Doeschate and Coyne, 2008).  Macey and Coyne (2005) reported 
increased protease activity (75%) as well as increased protein digestion and 
absorption within the intestinal digestive tract region of H. midae fed a probiotic-
supplemented diet, compared to animals receiving the basal diet.  Of the three-
probiotic strains included in the formulation diet tested by Macey and Coyne (2005), 
V. midae SY9 was thought to be primarily responsible for the increased intestinal 
protease activity levels as it had been shown to produce and secrete high levels of 
extracellular protease activity.  Since protein type and content of feed have been 
shown to influence abalone growth (Britz, 1996; Sales et al., 2003), increased 
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contributed to the reported growth enhancement of cultured H. midae (Macey and 
Coyne, 2005).  In a related study, supplementation of a kelp-based diet with 
Pseudoalteromonas species strain C4 resulted in a significant increase in alginate 
lyase activity within the crop/stomach region of the H. midae digestive tract in 
comparison to abalone fed a basal kelp-based diet (ten Doeschate and Coyne, 2008).  
In both of these investigations, increased levels of digestive enzymes within the 
digestive tract of H. midae fed probiotically supplemented diets were thought to have 
contributed to or resulted in enhanced H. midae growth rates (Macey and Coyne, 
2005; ten Doeschate and Coyne, 2008).  These studies support the idea that increased 
levels of digestive enzymes could improve the nutritional status of the abalone host 
through increased digestion efficiency due to the synergistic action of bacterial and 
abalone hydrolytic digestive enzymes.   
 
The in situ alkaline protease activity levels within the crop/stomach and intestine were 
equivalent in abalone fed either the basal diet or ABFEED
®
 S34 supplemented with 
V. midae SY9Mut2.  Therefore, dietary supplementation of ABFEED
®
 S34 weaning 
chips with V. midae SY9Mut2 had no significant impact on the in situ alkaline 
proteolytic enzyme levels.  Supplementation of ABFEED
®
 S34 with V. midae SY9 
resulted in significantly enhanced in situ alkaline proteolytic enzyme activity levels 
throughout the digestive tract in comparison to animals fed V. midae SY9Mut2 
supplemented basal feed.  This may be due to the production and secretion of 
VmproA by V. midae SY9 within the gastrointestinal tract of H. midae fed an 
ABFEED
®
 diet supplemented with V. midae SY9.   
 
Supplementation of the basal ABFEED
®
 diet with V. midae SY9Pro2 resulted in a 
significant improvement in the in situ proteolytic activity levels within the abalone 
intestine compared to abalone fed either the control diet or the V. midae SY9Mut2 
supplemented diet.  These levels were however significantly lower than the in situ 
proteolytic activity levels within the intestine of animals fed the basal ABFEED
®
 diet 
supplemented with V. midae SY9.  This was surprising as studies of 
V. midae SY9Pro2 cultivation in a high-protein growth medium (Chapter 4) would 
lead us to expect that in situ protease activity levels in H. midae fed a 
V. midae SY9Pro2 supplemented artificial diet would be either slightly higher or 
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artificial diet.  Interestingly, in situ alkaline protease activity levels within the 
crop/stomach region of H. midae fed V. midae SY9Pro2 supplemented ABFEED
®
 
was significantly lower than in animals fed either the control feed or the basal diet 
supplemented with V. midae SY9Mut2.  This may indicate that regulation of vmproA 
expression within the abalone gut, especially in the case of V. midae SY9Pro2, may 
differ to vmproA expression in batch culture. 
 
A comparison of the data obtained from the H. midae growth trial and the in situ 
protease assay shows that there is no direct role for VmproA in the growth advantage 
previously observed by Macey and Coyne (2005).  However, the significant 
improvement in H. midae growth rates and the altered in situ protease activity levels 
of abalone fed ABFEED
®
 supplemented with either of the two mutant V. midae SY9 
strains suggests that the mutant strains are contributing in some manner to the 
observed abalone growth advantage.  Recombination of suicide vectors into vmproA 
within the V. midae SY9 chromosome could have resulted in additional effects on the 
abalone and this warrants further investigation.  A better understanding of the reason 
for the increased growth rate of cultured abalone fed these two mutant strains may 
assist in the isolation of additional growth enhancing probiotic strains.  Successful 
isolation, identification and implementation of growth enhancing probiotic 
microorganisms for H. midae cultivation could dramatically improve the economics 
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In order to localise Vibrio midae SY9 and its extracellular protease VmproA within 
the Haliotis midae digestive tract, V. midae SY9 was transformed with the 
mini-Tn10-gfp-kan transposon from pLOFKmgfp to chromosomally tag the abalone 
probiotic with a single chromosomal copy of a promotorless gfp gene.  The resulting 
chromosomally-tagged strain, V. midae SY9::Tn10.52, was isolated and characterised 
in terms of growth and extracellular protease activity.  V. midae SY9::Tn10.52 was 
stably and viably incorporated into ABFEED
®
 S34 weaning chips using vacuum 
impregnation technology.  Furthermore, the vacuum impregnated feed could be viably 
stored at 4 ºC for at least 7 days and was stable for a period of 3 days in the 
experimental abalone tanks.  An in situ histological comparison of H midae fed a 
basal ABFEED
®
 S34 diet and abalone fed the basal diet supplemented with 
V. midae SY9::Tn10.52, using three digoxigenin-labeled oligonucleotide DNA probes 
to the gfp gene, demonstrated that the probiotic cells incorporated into the feed could 
be localised to the crop/stomach and intestine of H. midae.  The ingested probiotic 
microorganisms were visualized in association with the walls of the crop/stomach and 
adhered to feed and/or other particulate matter within the crop/stomach and intestinal 
regions.  Similarly, polyclonal anti-VmproA antibodies localised VmproA to the 
crop/stomach and intestine of H. midae.  The VmproA detected within these regions, 
by immunohistochemistry, appeared to be associated with feed and/or other 















The use of probiotic microorganisms is becoming increasingly accepted as a viable 
method of improving the health and growth of aquacultured species (Gomez-Gil et 
al., 2000).  Several possible modes of probiotic action have been proposed for 
probiotic effects observed within aquaculture environments.  These include 
competitive exclusion of pathogenic bacteria, production of inhibitory compounds 
that prevent the growth of pathogens, secretion of extracellular enzymes that 
contribute to and improve the host’s digestion efficiency, provision of essential 
nutrients; and stimulation of the host’s immune system (Vershuere et al., 2000; 
Balcázar et al., 2006).  It is also necessary for putative probiotic microorganisms to 
possess certain features in order to successfully function as probiotics within an 
aquaculture environment.  The putative probiotic should be readily and easily 
delivered to the host (e.g. through ingestion), they should be able to reach the location 
where the effect is expected to take place (e.g. intestinal region of the digestive tract), 
and they should colonise and replicate within the host (Vershuere et al., 2000; 
Kesarcodi-Watson et al., 2008).  Therefore, it would be valuable to utilize molecular 
tools to visually localise probiotic microorganisms and any gene products believed to 
be involved in the observed probiotic effect, within the host organism.  
 
In order to better understand the role that probiotic microorganisms, such as 
V. midae SY9, play in improving the growth rate of cultured abalone it is necessary to 
investigate the relationship between the probiotic and the rest of the enteric 
microbiota.  Studies have shown that abalone have a unique microbiota capable of 
producing extracellular enzymes to degrade the major constituents of abalone feeds 
(Sawabe et al., 1995; Erasmus et al., 1997).  However, less than 10% of the abalone 
gut associated microorganisms can be cultured using currently available techniques 
(Tanaka et al., 2003).  As over 90% of the enteric microbiota is presently 
unculturable, culture-independent techniques are invaluable to further investigate gut 
associated microorganisms within their natural habitat (Tanaka et al., 2004).   
 
In situ hybridization using specific 16S rDNA oligonucleotide probes is a culture-
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2004), and it is the ideal method to investigate microorganisms within their natural 
habitat or microenvironment (Moter and Gobel, 2000).  In situ hybridization using 
oligonucleotide probes for use in bacteriology was first employed by Giovannoni et 
al. (1988).  In situ hybridization-based approaches provide a distinct advantage over 
culture-based approaches for investigations into probiotic colonisation and 
localisation within a host organism’s digestive tract, by enabling detection of the 
entire probiotic population, including any non-culturable probiotic cells, present 
within the host’s gut.  In situ hybridization techniques have been successfully used to 
investigate the microbiota of goldfish (Asfie et al., 2003), abalone (Macey and Coyne, 
2006), Artemia nauplii (Høj et al., 2009) and salmon (Holben et al., 2002), and to 
detect and specifically localise intracellular prokaryotes within abalone tissue sections 
(Antonio et al., 2000; Horwitz, 2008).   
 
The main principle behind in situ hybridization is the specific annealing of 
complementary nucleic acid molecules from the oligonucleotide probe and the target 
sequence.  As a result, any nucleic acid sequence can be detected with a labelled 
complementary anti-sense probe and can provide direct visualization of the spatial 
location of the specific target sequence in question (Wilkinson, 1999).  Therefore, in 
situ hybridization allows the visualization of a specific oligonucleotide probe 
hybridized to the complementary portion of DNA within the target microorganism 
within its natural microenvironment (Moter and Gobel, 2000).   
 
The small size of oligonucleotide probes (typically 20 - 40 bp; Wilkinson, 1999) used 
for in situ hybridization, enables easy penetration of tissue sections and access to the 
specific nucleic acid target sequence (Polak and McGee, 1998).  The oligonucleotide 
probes are labelled to facilitate the localisation of the target in the tissue sections 
(Rattray and Michael, 1999).  Oligonucleotide probes can either be radioactively 
labelled and then detected by autoradiography, or labelled with a hapten and then 
visualized directly by fluorescence or indirectly by using an enzyme-conjugated 
antibody.  A common and very sensitive hapten labelling method is to end-label the 
oligonucleotide probe with the steroid digoxigenin (DIG).  Anti-DIG antibodies 
conjugated with alkaline phosphatase (AP), and a chromogenic substrate that yields 
an insoluble coloured product at the site of the probe-target hybridization, are then 
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Relatively low signal intensity is one of the major problems associated with in situ 
hybridization experiments.  Even if the oligonucleotide probes are designed correctly, 
efficiently labelled and specific for their complementary target sequence, a low 
hybridization signal may be due to either a low-abundance target or the probe not 
being able to access the target (Amann et al., 1995).  However, several studies have 
shown that the use of a cocktail of several labelled oligonucleotide probes that 
hybridise to different target sites of the same sequence can increase the strength of the 
probe-target hybridization signal (Lee et al., 1993; Antonio et al., 2000).  
 
Ever since it was first described by Coons et al. (1941), immunohistochemical 
techniques for the localisation of cellular antigens within tissue sections have become 
a valuable diagnostic and research tool (Ramos-Vara, 2005).  The fundamental 
concept behind immunohistichemical localisation of a tissue antigen, is the binding of 
specific antibodies to the specific antigen within the tissue sections, followed by a 
coloured histochemical reaction that can be visualized by light microscopy or 
flourochromed with ultraviolet light (Ramos-Vara, 2005).  Electron microscopy, in 
conjunction with gold-labelled antibodies, has also been used successfully to identify 
and localise antigens within tissue sections (Schroeder et al., 2003).   
 
The detection of the antigen-antibody reaction by an indirect approach, specifically 
making use of enzyme conjugated secondary antibodies, is a very sensitive method of 
immunohistochemical localisation of tissue antigens.  Alkaline phosphatase as an 
antibody conjugated reporter molecule, is being increasingly utilized for 
immunostaining as it avoids most of the issues related to endogenous enzyme activity 
when reporter molecules such as peroxidases are used for immunohistochemistry 
(Ramos-Vara, 2005).   
 
Albrecht et al. (2001) employed immunohistochemistry using hemocyanin-specific 
antibodies, together with in situ hybridization using a 2.2 kb DIG-labelled cDNA 
probe, to investigate rhogocytes (pore cells) within Haliotis tuberculata connective 
tissues as the site of hemocyanin biosynthesis.  The process of biomineralization in 
the formation of molluscan shells was investigated by Jolly et al. (2004) using a 
combination of histology and immunohistochemistry to study shell matrix proteins 
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monoclonal antibodies to detected Vibrio vulnificus within the tissues of infected 
Penaeus monodon using immunohistochemistry.  Therefore, the combined use of 
immunohistochemistry, in situ hybridization and standard histological staining 
techniques may be useful for investigating the spatial distribution of bacterial isolates 
and their gene products, such as V. midae SY9 and VmproA, within the digestive tract 
of H. midae. 
 
In the first reported study to investigate probiotic colonisation of the digestive tract of 
H. midae, Macey and Coyne (2006) employed a gfp chromosomally-tagged strain 
V. midae SY9.8 that was constructed using pLOFKmgfp, to monitor the colonisation 
potential of V. midae SY9 in the digestive tract of H. midae.   
 
Green fluorescent protein (GFP) is a stable, non-toxic fluorescent protein obtained 
from the Pacific jellyfish, Aequoria victoria (Prasher, 1995).  Variants of the gfp gene 
are available that display improved expression, folding-efficiency and detection 
(Heim et al., 1995; Cormack et al., 1996).  Chromosomal tagging of bacterial strains 
with gfp has enabled visualization of bacteria as single cells and as cell populations 
(Eberl et al., 1997).  The gfp gene has also been successfully used as a marker for 
investigating the localisation and colonisation potential of bacteria (Scott et al., 2000; 
Macey and Coyne, 2006; Rengpipat et al., 2009).   
 
Transposon vectors have been constructed to facilitate stable chromosomal integration 
of foreign marker genes, such as gfp, into a host genome (De Lorenzo et al., 1990; 
Herrero et al., 1990; Sohaskey et al.,1992; Albertson et al., 1996; Matthysse et al., 
1996).  The transposon vector pLOFKmgfp (Stretton et al., 1998), containing a 
promotorless gfp gene, was constructed in order to investigate gene expression in 
marine bacteria through the construction of transcriptional fusions.  The vector 
pLOFKm (Herrero et al., 1990), which was used to create pLOFKmgfp, was 
constructed on a backbone of the suicide vector pGP704 (Miller and Mekalanos, 
1988) and is unable to replicate in the absence of the π-protein encoded by the pir 
gene (See Chapter 4).  The mini-Tn10-gfp-kan reporter transposon, contained within 
pLOFKmgfp, includes an IS10R transposase gene.  This transposase gene, located 
outside of the 70 bp Tn10 inverted repeat sequences, is under the control of the ptac 










CHAPTER 6:   Localisation of V. midae SY9 and VmproA within H. midae 
 
201 
recipient strain, the vector pLOFKmgfp is unable to replicate as the recipient lacks the 
pir gene.  Induced by the addition of IPTG the transposase gene enables the mobile 
transposable element to randomly integrate at a single site into the chromosome of the 
recipient strain.  Kanamycin is then used in a single selection step to identify recipient 
strains that have undergone an integration event resulting in chromosomal integration 
of the mini-Tn10-gfp-kan reporter transposon.   
 
As V. midae SY9 was initially isolated from the digestive tract of cultured H. midae 
(Macey, 2005), it is likely that this bacterial strain may be a common enteric 
bacterium of cultured H. midae.  Therefore, a mini-Tn10 transposon containing a 
promotorless gfp gene was used to chromosomally-tag V. midae SY9.  A 
chromosomally-tagged V. midae SY9 strain will allow localisation of V. midae SY9 
ingested from supplemented ABFEED
®
 S34 weaning chips within the digestive tract 
of H. midae, and not V. midae SY9 cells naturally present within the enteric 
microbiota of cultured H. midae. 
 
Macey and Coyne (2005) observed significantly increased growth rates, and increased 
protease activity, protein digestion and protein absorption within the intestinal region 
of abalone fed a probiotic supplemented feed compared to animals not fed probiotics.  
This supports the argument that feeding aquacultured animal species with 
microorganism(s) with enhanced extracellular enzyme activity may lead to increased 
growth rates of the host, as a result of improved digestion efficiency of the host 
animal (Erasmus et al., 1997; Verschuere et al., 2000).  Therefore, in addition to 
localizing V. midae SY9 within the digestive tract of H. midae fed a probiotic 
supplemented feed, it would also be advantageous to be able to detect the presence of 
the predominant V. midae SY9 extracellular protease, VmproA, within the gut of 
abalone fed probiotically supplemented ABFEED
®
 S34.  This requires that in situ 
hybridization of abalone tissue sections for detection of V. midae SY9 be conducted in 
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6.2.1 Aim of this chapter 
 
The aim of this chapter is to construct a chromosomally tagged strain of V. midaeSY9 
using a gfp transposon mutagenesis system.  This gfp tagged V. midae SY9 strain will 
be used to further investigate the role of the probiotic V. midae SY9 and its 
extracellular protease VmproA in the observed probiotic effect on the growth of 
H. midae.  Colonisation of the digestive tract of juvenile H. midae fed an ABFEED
®
 
S34 diet supplemented with gfp-tagged V. midae SY9 will be investigated by means 
of in situ hybridization.  The role of the V. midae SY9 predominant extracellular 
protease, VmproA, in the observed increased in situ protease activity (Chapter 5) and 
improved protein digestion of abalone fed probiotically supplemented feed (Macey 
and Coyne, 2005) will be investigated further by means of immunohistochemical 
localisation.  Therefore, we aim to employ these molecular techniques to further 
evaluate the role of V. midae SY9 and VmproA, the predominant extracellular 
protease secreted by V. midae SY9, in the previously observed growth advantage 
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6.3 Materials and Methods 
 
The media and solutions used in this study are listed in Appendix A. 
 
6.3.1 Bacterial strains and plasmids 
 
The bacterial strains and plasmids used in this study are described in Table 6.1. 
 
6.3.2 Media and culture conditions 
 
Wild-type V. midae SY9 was maintained at approximately 22 ºC on MA 
(Appendix A.1.2) and cultured in MB (Appendix A.1.1) or P-MBM (Appendix A.1.3) 
at 22 ºC as described in Chapters 2 and 3 unless otherwise stated.  
Pseudoalteromonas sp. strain C4 (Erasmus, 1996) was maintained on MA, and 
cultured in MB, at 22 ºC.  E. coli SM10λpir harbouring the pLOFKmgfp plasmid 
(Table 6.1 and Fig. 6.1), obtained from Molecular Biology Vectors (ATCC 87711), 
was either grown in LB10 (Appendix A.1.9) or on LA10 (Appendix A.1.9), 
supplemented with 100 µg ml
-1
 kanamycin (Appendix A.2.2) and 100 µg ml
-1
 
ampicillin (Appendix A.2.2) at 37 ºC.  V. midae SY9Sm
r
 (Table 6.1) was maintained 
on either MA, or VNSS agar (Appendix A.1.9), or grown in VNSS broth (Appendix 
A.1.9), containing streptomycin (Appendix A.2.2) at a concentration of 120 µg ml
-1
 at 
22 ºC, unless otherwise stated.  Gfp chromosomally-tagged strains, 
V. midae SY9::Tn10.11, V. midae SY9::Tn10.12 and V. midae SY9::Tn10.52, were 
either grown on MA or VNSS agar, or cultivated in P-MBM or MB supplemented 
with 120 µg ml
-1
 streptomycin and 400 µg ml
-1
 kanamycin at 22 ºC unless otherwise 
stated. 
 
6.3.3 Construction of gfp chromosomally-tagged V. midae SY9 strains 
 
As V. midae SY9 was initially isolated from the digestive tract of cultured H. midae 
(Macey, 2005), it is likely that this bacterial strain may be a common enteric 
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containing a promotorless gfp gene (Mut2 variant) was used to chromosomally-tag 
V. midae SY9.  A chromosomally-tagged V. midae SY9 strain will allow localisation 
of V. midae SY9 ingested from supplemented ABFEED
®
 S34 within the digestive 
tract of H. midae, and not V. midae SY9 cells present within the natural enteric 
microbiota of cultured H. midae. 
 
A strain of V. midae SY9 capable of growth on streptomycin was generated, as 
described in section 4.3.3, as a recipient strain for the construction of a V. midae SY9 
gfp chromosomally-tagged strain.  The streptomycin-resistant V. midae SY9 strain 
was maintained on MA containing 120 µg ml-1 streptomycin at 22 °C and was 
designated V. midae SY9Sm
r
 (Table 6.1). 
 
The vector pLofKmgfp (Table 6.1 and Fig. 6.1) was transferred from the donor 
E. coli SM10λpir (Table 6.1) strain to the recipient strain V. midae SY9Smr using a 
modified filter mating technique (Egan et al., 2002).  Briefly, 5 ml cultures of both 
E. coli SM10λpir harbouring pLofKmgfp and streptomycin resistant recipient 
V. midae SY9Sm
r
 (Table 6.1) were cultivated for 16 hours.  The overnight donor and 
recipient cultures were gently mixed at a volume ratio of 1:10 (100 µl donor and 
1000 µl recipient) in 5 ml of wash solution (Appendix A.2.12).  The mixture of donor 
and recipient cultures was passed through a 0.22 µm Whatman filter (∅ 2.5 cm) and 
washed with another 5 ml of wash solution.  The filter discs were then placed cell-side 
up onto LA-20 agar (Appendix A.1.9) and incubated at 30 °C for 4 hours. 
 
The filter discs were then placed inside sterile 50 ml plastic tubes (Sterilin) containing 
2 ml of NSS (Appendix A.1.9), and vortexed vigorously to resuspend the bacteria on 
the filter discs.  One hundered microlitre aliquots of the resuspended cells were spread 
plated onto VNSS agar (Appendix A.1.9) supplemented with 120 µg ml
-1
 
streptomycin and 400 µg ml
-1
 kanamycin.  The plates were subsequently incubated at 
30 °C for 48 hours to select for recipient V. midae SY9Smr strains harbouring the 
integrated mini-Tn10-gfp-kan transposable element.  One hundered microlitre aliquots 
of each donor and recipient strain were spread plated (100 µl) onto both VNSS agar 
and VNSS agar containing 120 µg ml
-1
 streptomycin and 400 µg ml
-1
 kanamycin as 
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Figure 6.1 Diagramatic representation of the recombinant transposon vector 
pLOFKmgfp (a) and the mini-Tn10-gfp-kan transposable element (b) 
used to chromosomally tag V. midae SY9Sm
r
.  Plasmid pLOFKmgfp is 
a derivative of the suicide vector pGP704 and contains the mini-Tn10-
gfp-kan transposable element.  In mini-Tn10-gfp-kan, the transposase 
gene of IS10R is located outside of the inverted repeats (black-boxes) 
of the mobile element and downstream of the ptac promoter (black 
triangle).  The PCR primers (gfp-F and gfp-R; Table 6.2) are indicated 
above the open boxes depicting the kanamycin and gfp genes in mini-
Tn10-gfp-kan (b).  Relevant restriction enzyme sites are indicated.  
Abbreviations: E, EcoRI; H, HindIII; M, MluI; N, NotI; P, PstI; S, 
SalI; Sf, SfiI; X, XbaI.  The diagram (not to scale) of pLOFKmgfp was 
adapted from Herrero et al. (1990) and mini-Tn10-gfp-kan (not to 
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6.3.4 Screening of recombinant strains 
 
Fifty eight V. midae SY9 strains putatively harbouring the chromosomally integrated 
mini-Tn10-gfp-kan transposable element were selected on the basis of their ability to 
grow on VNSS agar containing 120 µg ml
-1
 streptomycin and 400 µg ml
-1
 kanamycin.  
Each of the strains was inoculated into 5 ml MB, containing 120 µg ml
-1
 streptomycin 
and 400 µg ml
-1
 kanamycin, and grown for approximately 16 hours at 22 ºC on a 
rotary shaker (100 rpm).  Chromosomal DNA was isolated from the overnight 
cultures, as described in Appendix B.4.2.  The 58 kanamycin-resistant V. midae SY9 
strains were screened by PCR (Appendix B.25.1) using the oligonucleotide primers 
gfp-F and gfp-R (Table 6.2) for the presence of the gfp gene.  PCR amplification of 
the gfp gene would indicate integration of the mini-Tn10-gfp-kan transposable 
element into the V. midae SY9 chromosome.  Three gfp chromosomally-tagged strains 
were identified, designated V. midae SY9::Tn10.11, V. midae SY9::Tn10.12 and 
V. midae SY9::Tn10.52, and analyzed further. 
 
Table 6.2 Oligonucleotide primers used in this study. 
 
Primer Sequence (5' - 3') Reference 
gfp-F GAT TTC TAG ATT TAA GAA GC This study 
gfp-R TCA TAT TTG TAT AGT TCA TCC This study 
fD1 AGA GTT TGA TCC TGG CTC AG Weisburg et al. (1991) 
Rp2 ACG GCT ACC TTG TTA CGA CTT Weisburg et al. (1991) 
 
6.3.5 Growth and extracellular protease activity of V. midae SY9, 
V. midae SY9::Tn10.11, V. midae SY9::Tn10.12 and 
V. midae SY9::Tn10.52 
 
A growth curve was conducted to determine which gfp chromosomally-tagged 
V. midae SY9 strain would be best suited for further characterisation and use in 
H. midae-based experiments.  The effect of the integrated mini-Tn10-gfp-kan 
transposable element on the cell growth and extracellular protease activity was 
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V. midae SY9::Tn10.12, V. midae SY9::Tn10.52 and the wild-type strain in P-MBM 
(Appendix A.1.3) as described in section 4.3.7. 
 
6.3.6 Southern hybridization 
 
Southern hybridization analysis was performed to confirm whether the 
mini-Tn10-gfp-kan cassette had integrated into the chromosome of V. midae SY9Sm
r
.  
Chromosomal DNA was extracted from V. midae SY9 and V. midae SY9::Tn10.52, as 
described in Appendix B.4.1.  E. coli SM10λpir harbouring pLOFKmgfp was 
inoculated into 5 ml LB supplemented with 100 µg ml
-1
 ampicillin and grown 
overnight with shaking at 37 ºC.  A small scale isolation of the plasmid pLOFKmgfp 
was performed, as described in Appendix B.3, from the overnight culture using the 
alkaline lysis mini-prep method of Ish-Horowicz and Burke (1981).  A 717 bp DNA 
fragment of the gfp gene was PCR amplified (Appendix B.25.1) from pLOFKmgfp 
(Fig. 6.1a and b) using the synthetic oligonucleotide PCR primers, gfp-F and gfp-R 
(Table 6.2).  The 717 bp PCR amplicon was resolved on a 1% (w/v) TAE agarose gel 
(Appendix B.6), before being gel purified using the BioSpin Gel Extraction Kit 
(BioFlux) according to the manufacturer’s instructions.  The purified 717 bp DNA 
fragment was then radioactively labelled (Appendix B.8.2) and used as a probe 
against equal amounts (10 µg) of V. midae SY9 and V. midae SY9::Tn10.52 
chromosomal DNA that had been digested with the restriction enzymes HindIII, 
EcoRI and PstI (Fermentas) (Appendix B.5).  The resulting chromosomal DNA 
fragments were separated on a 0.7% (w/v) TAE agarose gel at 35 V overnight and 
transferred to Hybond N
+
 nylon membrane (Amersham) according to Reed and Mann 
(1985).  Southern hybridization was performed as described in Appendix B.8.  
 
6.3.7 Differentiation of chromosomally-tagged V. midae SY9 strains from 
unlabelled bacterial strains 
 
A PCR-based method was employed to investigate whether or not 
V. midae SY9::Tn10.52 could be differentiated from other bacterial strains on the 
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mini-Tn10-gfp-kan cassette.  Chromosomal DNA was extracted from V. midae SY9, 
V. midae SY9::Tn10.52, E. coli JM109 and Pseudoalteromonas species strain C4, as 
described in Appendix B.4.1.  Plasmid DNA was isolated from an overnight culture of 
E. coli SM10λpir harbouring pLOFKmgfp, using the alkaline lysis mini-prep method 
of Ish-Horowicz and Burke (1981) (Appendix B.3).  The chromosomal DNA samples 
were screened for the presence of the gfp gene by PCR (Appendix B.25.1) using the 
oligonucleotide primers gfp-F and gfp-R (Table 6.2).  The amplified PCR products 
were analyzed by agarose gel electrophoresis (Appendix B.6) to verify reaction 
specificity and fragment sizes.  Amplification of the gfp gene from pLOFKmgfp and 
V. midae SY9::Tn10.52, and not from V. midae SY9, E. coli JM109 and 
Pseudoalteromonas sp. strain C4, would indicate that the gfp gene could be used as a 
selective marker for identification of V. midae SY9::Tn10.52. 
 
6.3.8 Probe design and labeling 
 
Three oligonucleotide probes (Table 6.3) were designed to the variant of the gfp gene, 
harboured by pLOFKmgfp, in order to enable in situ localisation of gfp 
chromosomally-tagged V. midae SY9 strains.  It is critical that positive and negative 
controls be included in order to validate the results obtained in any in situ 
hybridization procedure (Polak and McGee, 1998).  Therefore, the eubacterial probe 
EUB338 (Stahl et al., 1989) (Table 6.3) was employed as a positive control, while 
ECJ109 (Table 6.3) was included as a negative control in in situ hybridization 
experiments (section 6.3.12).  The probe ECJ109 was designed by comparing the 16S 
rRNA gene sequences of E. coli JM109 and V. midae SY9, and identifying a region of 
low sequence homology (Fig. 6.2). 
 
All of the oligonucleotide probes employed in this investigation (Table 6.3) were 
labelled with Digoxigenin-3-O-methylcarbonyl-ε-aminocaproic acid-N-hydroxy-
succinimide ester (Roche) by 5' labelling.  The 5'-amino substituted oligonucleotide 
(X, Table 6.3) was labelled with the digoxigenin moiety under weak alkaline 
conditions in a sodium borate buffer/dimethyl formamide mixture at 22 ºC overnight 
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361   GATGCAGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGG 
      ||||||||||||||||||||·|||||||||||||||||||||||||·||||||||··|·| 
328   GATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGTCGTG 
 
421   AGGAAGGGAGTAAAGTTAATACCTTTGCTCATTGACGTTACCCGCAGAAGAAGCACCGGC 
      |||||||··||··||||||||·||····|··|||||||||·|··|||||||||||||||| 
388   AGGAAGGTGGTGTAGTTAATAGCTGCATTATTTGACGTTAGCGACAGAAGAAGCACCGGC 
 
Figure 6.2 A portion of the alignment of the 16S rRNA gene sequences of 
E. coli JM109 (Accession no.: AB305017) and V. midae SY9.  The 
portion representing the oligonucleotide DNA probe EC109 is 
highlighted in bold.  The upper line represents the E. coli JM109 16S 
rRNA gene sequence, while the lower line represents the V. midae SY9 
16S rRNA sequence.  Vertical lines (│) represent homologous bases, 
while dots (·) represent gaps between the 16S rRNA gene sequences 
of E. coli JM109 and V. midae SY9.  
 
6.3.9 Specificity of oligonucleotide probes by Southern hybridization 
 
A Southern hybridization analysis was preformed in order to assess the specificity of 
the DIG-labelled DNA probes (Table 6.3) to be used in the in situ hybridisation 
experiments. 
 
Table 6.3 5'-DIG-labelled oligonucleotide probes employed in this study. 
 
Probe Sequence 5' - 3' 
a 
Target Reference 
EUB338 X-GCTGCCTCCCGTAGGAGT All bacteria Stahl et al. 
(1989) 
ECJ109 X-GAGTAAAGTTAATACCTTTGCTCA E. coli JM109 This study 
GFP001 X-GTTGAATTAGATGGTGATGTTAATGG V. midae 
SY9::Tn10.52 
This study 
GFP002 X-CTACCTGTTCCATGGCCAACACTTG V. midae 
SY9::Tn10.52 
This study 
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6.3.9.1 Specificity of EUB338 and ECJ109 oligonucleotide probes 
 
The 16S rRNA PCR products amplified with the universal eubacterial oligonucleotide 
primer set fD1/Rp2 (Table 6.2) from chromosomal DNA of E. coli JM109, 
Pseudoalteromonas sp. strain C4, V. midae SY9, and V. midae SY9::Tn10.52 as 
described in Appendix B.25.3 were used as the DNA template in Southern blots, to 
assess the specificity of the DIG-labelled oligonucleotide probes EUB338 and 
ECJ109 (Table 6.3).   
 
The amplified PCR products were analyzed by agarose gel electrophoresis 
(Appendix B.6), before being purified using the BioSpin Gel Extraction Kit (BioFlux) 
according to the manufacturer’s instructions.  A total of 150 ng of each of the 
amplified PCR products were separated on 1% (w/v) TAE agarose gels 
(Appendix B.6), and transferred to nylon membranes (Roche) (Appendix B.8.1).  
Southern hybridizations were performed using the DIG High Prime DNA Labelling 
and Detection Starter Kit II (Roche) protocol (as described in appendices B.8.5, B.8.6 
and B.8.7).  The 5'-DIG end labelled oligonucleotides EUB338 and ECJ109 (Table 
6.3), respectively, were used as the probes. The hybridization temperature for the 
DIG-labelled probe EUB338 was 52 °C, while a hybridization temperature of 62 ºC 
was employed for the ECJ109 probe. 
 
6.3.9.2 Specificity of GFP001, GFP002 and GFP003 oligonucleotide probes 
 
The 717 bp gfp PCR product amplified with the gfp-specific primer set gfp-F/gfp-R 
(Table 6.2) from chromosomal DNA of V. midae SY9::Tn10.52, as described in 
Appendix B.25.1, was used as the DNA template in Southern blots to assess the 
specificity of the DIG-labelled oligonucleotide probes GFP001, GFP002 and GFP003 
(Table 6.3). 
 
The amplified PCR products were analyzed by agarose gel electrophoresis, before 
being purified using the BioSpin Gel Extraction Kit (BioFlux) according to the 
manufacturer’s instructions.  A total of 150 ng of each of the amplified PCR products 
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nylon membranes (Roche) (Appendix B.8.1).  Southern hybridizations were 
performed using the DIG High Prime DNA Labelling and Detection Starter Kit II 
(Roche) protocol (as described in appendices B.8.5, B.8.6 and B.8.7).  The 5'-DIG end 
labelled oligonucleotides GFP001, GFP002 and GFP003 (Table 6.3), respectively, 
were used as the probes. The hybridization temperature for DIG-labelled probes 
GFP001, GFP002 and GFP003 was 52 °C. 
 
6.3.10 Preparation of experimental ABFEED
®
 S34 diets 
 
The basal diet consisted of ABFEED
®
 S34 weaning chips, as supplied by Marifeed 
(Pty.) Ltd., Hermanus, South Africa.  The experimental diet was prepared by 
incorporating V. midae SY9::Tn10.52 into ABFEED
®
 S34 weaning chips by vacuum 
impregnation as described in section 5.3.3.2.  
 
6.3.10.1 Cultivation of V. midae SY9::Tn10.52 for incorporation into the 
experimental diet 
 
V. midae SY9::Tn10.52 was grown for 8 hours in a 5 ml starter culture of P-MBM 
(Appendix A.1.3) supplemented with kanamycin (Appendix A.2.2) to a final 
concentration of 400 µg ml
-1
 on an orbital shaker (100 rpm) at 22 °C.  A flask 
containing 100 ml P-MBM was inoculated with the entire volume of the 5 ml starter 
culture and incubated on an orbital shaker (100 rpm) for 12 hours at 22 ºC.  The 
100 ml culture was inoculated into five litre flasks (in triplicate), containing 1000 ml 
of P-MBM, to achieve an initial A600 of 0.02 and incubated for 24 hours at 22 °C with 
shaking (100 rpm).  Thereafter, the bacterial cells were harvested by centrifugation 
(8,000x g for 15 minutes at 4 °C), washed with one volume of ASW 
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6.3.10.2 Incorporation of V. midae SY9::Tn10.52 into the ABFEED
®
 S34 
experimental diet by vacuum impregnation 
 
The gfp chromosomally-tagged probiotic strain, V. midae SY9::Tn10.52, was 
incorporated into the basal diet of ABFEED
®
 S34 weaning chips using vacuum 
impregnation, to a final concentration of at least 1.0 x 10
8
 culturable cells g
-1
 feed.  
The experimental diet was prepared as described in section 5.3.2.2.  
 
6.3.10.3 Effect of post-vacuum impregnation drying on V. midae SY9::Tn10.52 
cell viability 
 
The effect of drying the post-impregnated ABFEED
®
 S34 weaning chips at 22ºC for 
approximately 16 hours on V. midae SY9::Tn10.52 viability was assessed as 
described in section 5.3.2.2.1.  Viable cell numbers were determined by spread-
plating serial dilutions in ASW (Appendix A.2.1) of the homogenized ABFEED

 S34 
onto MA (Appendix A.1.2) containing 400 µg ml
-1
 kanamycin (Appendix A.2.2) to 
culture V. midae SY9::Tn10.52.  Cell numbers were recorded after incubating 





 S34 weaning chips.  For statistical analysis of the cell viability 
of vacuum impregnated ABFEED
®
 S34 weaning chips, the cell count data was natural 
log transformed and analysed by Student t-test using SigmaStat 3.11.0 (Systat 
Software, Inc.).  Significant differences were established at P<0.05.  
 





In order to determine how often V. midae SY9::Tn10.52 supplemented ABFEED
®
 
S34 weaning chips would need to be prepared, the effect of storing impregnated 
ABFEED
®
 S34 weaning chips at 4 ºC on bacterial viability was assessed.  A batch of 
V. midae SY9::Tn10.52 vacuum impregnated ABFEED
®
 S34 weaning chips was 
prepared as described in sections 5.3.2.2 and stored at 4 ºC in a clean plastic bag for a 
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removing a sample and determining the viable V. midae SY9::Tn10.52 cell numbers 





 S34 weaning chips.  For statistical analysis of the cell viability of 
V. midae SY9::Tn10.52 vacuum impregnated ABFEED
®
 S34 weaning chips stored at 
4 ºC, the cell count data was natural log transformed and analysed by one-way 
ANOVA, followed by the Holm-Sidak multiple comparison procedure to test for 
significant differences between sample means.  Significant differences were 
established at P<0.05. 
 





The stability of the probiotic bacteria in vacuum-impregnated ABFEED

 S34 
weaning chips incubated in flow-through experimental tanks was investigated.  This 
was done to determine how often the impregnated ABFEED

 S34 weaning chips 
would need to be removed from the tanks and replaced with fresh impregnated 
ABFEED

 S34 weaning chips during the course of the experiment. 
 
A batch of V. midae SY9::Tn10.52 vacuum impregnated ABFEED

 S34 weaning 
chips was prepared, as described in section 5.3.2.2.  Approximately 50 g of 
V. midae SY9::Tn10.52 vacuum impregnated ABFEED

 S34 weaning chips were 
placed in an otherwise empty basket (30 x 24 x 26 cm) suspended in glass tank (52 x 
30 x 30.5 cm).  Seawater, pumped directly from the sea, passed through the tank at a 
rate of approximately 150 litres hour
-1
, and was constantly aerated by means of an air 
stone suspended inside the tank. 
 
A sample of V. midae SY9::Tn10.52 supplemented ABFEED
®
 S34 weaning chips 
was immediately removed (T = 0), and additional samples were taken after 24, 48 and 
72 hours.  Viable bacterial cell counts were determined, as described in section 
5.3.2.2.3.  Viable cell numbers were determined by spread-plating serial dilutions, in 
ASW (Appendix A.2.1), of the homogenized ABFEED

 S34 onto MA 
(Appendix A.1.2) containing 400 µg ml
-1
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V. midae SY9::Tn10.52.  Cell numbers were recorded after incubating 





 S34.  The viable count data was analysed using SigmaStat 3.11.0 
(Systat Software, Inc.) by one-way ANOVA. When the results of the one-way 
ANOVA were significant, the Tukey test was used to analyse for significant 
differences between the sample means.  Statistically significant differences were 
established at critical levels of P<0.05. 
 
V. midae SY9::Tn10.52 vacuum impregnated ABFEED
®
 S34 feed was prepared 
weekly for the duration of the experiment and stored in clean, plastic bags at 4 ºC 
until fed to the abalone. 
 
6.3.11 Animals and Experimental Set-up 
 
Juvenile H. midae abalone (smaller than 15 mm shell length) were donated by Sea 
Plant Products (Jacobsbaai, South Africa) and transported to the MCM Research 
Aquarium, Sea Point, South Africa, where they were maintained for the remainder of 
this experiment.  
 
The animals were divided into two groups (n = 75) and placed into two plastic mesh 
baskets in adjacent glass tanks.  The tanks were supplied with continuously flowing, 
aerated, natural sea water (15-18 ºC) that was passed through a mechanical and 
biological filter before entering the tanks (Fig. 6.3).  The room housing the glass tanks 
was maintained on a 10:14 (light:dark) light-cycle for the duration of the experiment.  
The animals were acclimatized to the conditions at the aquarium for 3 weeks prior to 
the start of the experiment.  During this acclimatization period abalone were fed to 
satiation on the basal diet of ABFEED
®
 S34 weaning chips.  All uneaten food was 
removed from the baskets, and the tanks and baskets were thoroughly cleaned every 
2 days, before the addition of fresh feed.  
 
Prior to the beginning of the experiment, abalone in both tanks were starved for a 
period of 24 hours.  This was done to ensure that once the experiment was started and 
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provided.  At the start of the experiment (Day 0), six randomly selected animals were 
removed from each tank and immediately sacrificed and processed, as described in 
section 6.3.12.  Thereafter, the remaining abalone in one tank were fed the 
V. midae SY9::Tn10.52-supplemented diet, while those in the other tank were fed the 
basal ABFEED
®
 S34 diet.  The animals were fed to satiation on the respective diets 




Figure 6.3 Schematic diagram of the experimental tanks used to house juvenile 
H. midae.  The brown block (■) represents the mechanical and 
biological filtration unit, the blue block (■) represents a separate 
compartment housing the basket (hatched block) containing the 




The abalone shells were gently removed by severing the adductor muscle (Fig. 6.4), 
as close to the shell as possible, with a thin metal spatula.  Care was taken to ensure 
that the digestive tract was not damaged during this process.  The animals were placed 
adductor muscle down in labeled embedding cassettes and fixed in Invertebrate 
Davidson’s solution (Shaw and Battle, 1957) (Appendix A.2.26) for 36 hours at 4 ºC, 
before being transferred to 70% (v/v) ethanol (Appendix A.2.26) at 4 ºC.  Following 
fixation, the whole abalone tissue samples were dehydrated through a graded ethanol 
series to xylene (Saarchem) in a Tissue Trek II tissue processor.  The dehydrated 
tissue samples were embedded in paraffin wax and sectioned at 5 µm on a microtome.  
Thereafter, the sections were carefully mounted and adhered onto positively charged 
microscope glass slides (SuperFrost
®
 Plus, Menzel-Gläser) and stored at room 
Water inlet 
Water outlet 
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temperature in slide boxes until used for Hematoxylin and Eosin (H & E) staining, 
in situ hybridization and immunohistochemistry. 
 
One section from each wax block was deparaffinised by immersion in xylene 
(section 6.3.12) and stained using standard Harris’ H & E stain according to Hayat 
(1993).  The sections were viewed using a Nikon Eclipse 50i Compound Microscope 
equipped with a Nikon DS Camera Control Unit DS-U2 and DS-5M Camera head 






















Figure 6.4 Schematic anterior view of the abalone Haliotis midae showing major 
organs.  1 - digestive gland, 2 - crop/stomach, 3 - intestine, 4 - gills, 5 – 
epipodium, 6 - adductor muscle, 7 – buccal region, 8 – anus (Figure 
modified from www.fao.org). 
 
6.3.13 In situ hybridization 
 
The protocol was adopted from the in situ hybridization procedure for detecting 
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H. midae sections were deparaffinized by immersion in xylene (Saarchem) 
(3 x 10 min) followed by immersion in two successive absolute ethanol baths for 
10 minutes each.  Sections were then gently rehydrated through an ethanol series (95, 
80, 70, and 50% ethanol; Appendix A.2.27) for 3 minutes each and briefly rinsed in 
sterile Milli-Q distilled water for 1 minute.  The sections were then washed (2 x 
5 minutes) in phosphate buffered saline (1x PBS; Appendix A.2.27).  
 
Prehybridization was performed to reduce background due to non-specific 
hybridization of the probes, in the tissue sections.  The tissue sections were covered 
with pre-warmed in situ hybridization buffer (Appendix A.2.27) and pre-hybridized at 
42 ºC for 60 minutes without coverslips in a humidity chamber.  
 
After the 60 minute pre-hybridization treatment, the tissue sections were denatured on 
a heating block (98 ºC for 10 minutes).  Thereafter, the slides were rapidly cooled by 
placing them (section side up) on ice for one minute.  The remaining in situ 
hybridization buffer was discarded and the sections briefly rinsed in buffer 1 
(Appendix A. 2.27).  The sections were probed with the cocktail of gfp-specific 
probes (GFP001, GFP002 and GFP003).  Each probe was added at a concentration of 
approximately 6.66 pmol ml
-1
 of in situ hybridization buffer, resulting in a total probe 
concentration of approximately 20 pmol ml
-1
.  The positive (EUB338 universal 
eubacterial probe) and the negative (ECJ109 E. coli JM109 specific probe) controls 
were added at a concentration of approximately 20 pmol ml
-1
 of in situ hybridization 
buffer.  In situ hybridization buffer containing 20 pmol of the DIG-labelled 
oligonucleotide probes (Table 6.3) was gently layered onto the tissue sections and 
covered, while ensuring that no air bubbles were trapped, with a coverslip (50 x 
24 mm, Menzel-Gläser) and incubated for approximately 16 hours at 40 ºC in a 
humidity chamber.   
 
Any unbound DIG-labeled probes were removed from the tissue sections by washing 
twice for 5 minutes in 2x SSC (Appendix A.2.27) at 22 ºC with gentle agitation, twice 
for 5 minutes in 1x SSC (Appendix A.2.27) at 22 ºC with gentle agitation, and twice 
for 10 minutes in 0.5x SSC (Appendix A.2.27) at 40 ºC with gentle agitation.  The 
tissue sections were then equilibrated in buffer 1 for 2 minutes at 22 ºC.  Thereafter, 
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with gentle agitation, to reduce signal associated with non-specific antibody binding.  
The antibody [anti-digoxigenin-AP] (Roche) vial was centrifuged (13,000x g for 
5 minutes at 4 ºC), before the anti-(digoxigenin-AP) was diluted 1:500 in blocking 
buffer.  The antibody [anti-digoxigenin-AP] containing blocking buffer was applied to 
the sections and incubated for 3 hours, without a coverslip, at 22 ºC in a humidity 
chamber.  
 
After the three hour incubation, the tissue sections were rinsed with gentle agitation 
twice in buffer 1 for 5 minutes each, and twice for 5 minutes each in buffer 2 
(Appendix B.2.27).  The sections were then overlaid with nitroble tetrazolium 
(NBT) / 5-Bromo-4-chloro-3-indolylphosphate p-toluidine salt (BCIP) colour 
development solution (Appendix A.2.27) and incubated at 22 ºC in a dark humidity 
chamber for two hours, or until the signal was clearly visible.  The colour 
development reaction was stopped by washing the tissue sections with TE buffer 
(Appendix A.2.3) and rinsing them with sterile double distilled water.  The sections 
were counter-stained with 0.05% (w/v) aqueous Methyl Green (Sigma) for 2 minutes 
to enhance the background tissue morphology relative to the alkaline phosphatase 
(AP) signal.  The slides were then rinsed in distilled water, air dried and mounted with 
a cover slip (50 x 24 mm, Menzel-Gläser) using phosphate-buffered glycerin jelly 
(Appendix A.2.27) as the mounting medium and stored in the dark. 
 
Hybridization signals were identified by light microscopy as areas showing a purple 
precipitate (NBT/BCIP) where the DIG-labelled probe had bound to the target DNA 
within the tissue on the microscope slide.  The stained and mounted sections were 
viewed and photographed, as previously described in section 6.3.12. 
 
6.3.14 Immunohistochemical localisation  
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The tissue sections were covered with immunohistochemistry hybridization buffer 
(Appendix A.2.28) and prehybridized for 2 hours at 22 ºC without coverslips in a 
humidity chamber. 
 
The prehybridization solution was discarded and replaced with fresh 
immunohistochemistry hybridization buffer (Appendix A.2.28) containing anti-
[VmproA] polyclonal antibodies (Chapter 3) that had been pre-absorbed against 
E. coli JM109 cellular extract (Appendix B.17) and abalone tissue powder (Appendix 
B.18).  The sections and antibodies were incubated in a humidity chamber for 
24 hours at 4 ºC.  Thereafter, any unbound anti-[VmproA] antibodies were removed 
from the tissue sections by eight washes, with gentle agitation at 50 rpm on an orbital 
shaker, of 15 minutes each with PBT (Appendix A.2.28) at 22 ºC. 
 
The sections were incubated with fresh immunohistochemistry hybridization buffer 
containing 1:1000 diluted goat anti-[rabbit AP-conjugated] secondary antibodies 
(Sigma).  The tissue sections and anti-[rabbit AP-conjugated] secondary antibodies 
were incubated in a humidity chamber for 3 hours at 22 ºC.  Thereafter, any unbound 
anti-[rabbit AP-conjugated] secondary antibodies were removed from the tissue 
sections by eight washes, with gentle agitation, of 15 minutes each with PBT 
(Appendix A.2.28) at 22 ºC. 
 
The tissue sections were then rinsed with buffer 1 and buffer 2, as described in section 
6.3.13, and then overlaid with NBT/BCIP colour development solution and incubated 
at 22 ºC in a dark humidity chamber until a signal was clearly visible.  The colour 
development reaction was stopped by washing the tissue sections with TE buffer 
(Appendix A.2.3) and rinsing them with sterile double distilled water.  The sections 
were counter-stained with 0.05% (w/v) aqueous Methyl Green (Sigma) for 2 minutes 
to enhance the background tissue morphology relative to the AP signal.  The slides 
were then rinsed in distilled water and mounted, as described in section 6.3.13. 
 
The AP-conjugated anti-rabbit secondary antibodies that recognised and bound to the 
anti-[VmproA] polyclonal antibodies that had in turn bound to V. midae SY9 
extracellular detergent resistant protease proteins within the tissue sections were 
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The stained and mounted sections were viewed and photographed as previously 















6.4.1 Transposon mutagenesis and chromosomal-tagging of V. midae SY9 
 
The mini-Tn10-gfp-kan cassette was transferred to recipient V. midae SY9Sm
r
 cells, 
enabling those harbouring the cassette to grow on VNSS agar supplemented with 
streptomycin and kanamycin at concentrations of 120 and 400 µg ml
-1
, respectively.  
Fifty eight of these potentially gfp-chromosomally tagged V. midae SY9 strains were 
screened by PCR for chromosomal integration of the mini-Tn10-gfp-kan cassette 
(data not shown).  As a result, three strains were identified as possibly being gfp 
chromosomally-tagged V. midae SY9 strains. 
 
A comparative growth curve analysis of the wild-type V. midae SY9 and the three 
mutant strains, V. midae SY9::Tn10.11, V. midae SY9::Tn10.12 and 
V. midae SY9::Tn10.52, was conducted in P-MBM over a 24 hour period at 22 ºC 
(Fig. 6.5 A - D).  There were no significant differences between the growth profiles of 
the three chromosomally-tagged strains and V. midae SY9.   
 
The level of extracellular protease activity of all three mutant strains (Fig. 6.5) were 
lower than that of the wild-type V. midae SY9 (Fig. 6.5) over the course of the 
24 hour growth experiment.  However, the extracellular protease activity profile of the 
mutant strain V. midae SY9::Tn10.52, closely resembled that of V. midae SY9 and the 
level of protease activity was higher than that of the other two mutant strains.  
Therefore, V. midae SY9::Tn10.52 was selected as the best gfp chromosomally-tagged 
V. midae SY9 strain and was used for further analysis. 
 
Southern hybridization analysis of V. midae SY9 and V. midae SY9::Tn10.52 
chromosomal DNA with an α-32P-labelled 717 bp gfp DNA fragment confirmed the 
integration of the mini-Tn10-gfp-kan transposable element into the chromosome of 
V. midae SY9Sm
r
 (Fig. 6.6).  The radiolabelled probe did not hybridise to any DNA 
fragments generated by restriction digestion of V. midae SY9 chromosomal DNA 
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fragment of HindIII digested V. midae SY9::Tn10.52 chromosomal DNA (Fig. 6.6, 
lane 4).  Single hybridization bands of 13.3 and 20.1 kb were also observed for 
V. midae SY9::Tn10.52 chromosomal DNA digested with EcoRI (Fig. 6.6, lane 5) 
and PstI (Fig. 6.6, lane 6), respectively.  The restriction enzymes HindIII, EcoRI and 
PstI cut once within the transposable element of the mini-Tn10-gfp-kan cassette, but 
not within the 717 bp portion used as the probe, indicating that the transposable 
element only integrated at a single site in the V. midae SY9 chromosome.  
 
 
Figure 6.5 Growth and extracellular protease activity profiles of V. midae SY9 
(A), V. midae SY9::Tn10.11 (B), V. midae SY9::Tn10.12 (C) and 
V. midae SY9::Tn10.52 (D) in P-MBM at 22 °C on an orbital shaker 
(100 rpm) over the course of a 24 hour period.  Cell growth was 
monitored by absorbance (600 nm) readings (■) and alkaline protease 
activity (■) within the culture supernatant was determined using 
















Figure 6.6 Southern hybridisation of the radiolabelled 717 bp DNA 
fragment PCR amplified from pLofKmgfp, using gfp-F and 
gfp-R, to 10 µg of V. midae SY9 and V. midae SY9::Tn10.52 
chromosomal DNA.  V. midae SY9 chromosomal DNA 
digested with HindIII (lane 1), EcoRI (lane 2) and PstI (lane 3), 
and V. midae SY9::Tn10.52 chromosomal DNA digested with 
HindIII (lane 4), EcoRI (lane 5) and PstI (lane 6).  The arrows 
indicate the approximate sizes of the bands in kilo base pairs 
(kb). 
 
6.4.2 Specificity of in situ hybridisation probes 
 
A PCR was performed to investigate whether or not the gfp tagged strain 
V. midae SY9::Tn10.52 could be specifically differentiated from other bacterial 
strains on the basis of the presence of the gfp gene contained in the mini-Tn10-gfp-
kan cassette.  The plasmid pLofKmgfp and chromosomal DNA isolated from 
V. midae SY9, E. coli JM109, Pseudoalteromonas sp. strain C4 and V. midae 
SY9::Tn10.52 were investigated for the presence of the gfp gene using the primer set 
gfp-F/gfp-R (Fig. 6.7).  A single DNA fragment of 717 bp was only amplified from 
the positive control pLofKmgfp and V. midae SY9::Tn10.52, indicating that the gfp 
gene used to chromosomally-tag V. midae SY9::Tn10.52 is not naturally present in 
V. midae SY9, E. coli JM109 or Pseudoalteromonas sp. strain C4, and that specific 
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oligonucleotide probes to the gfp gene could potentially allow specific in situ 





Figure 6.7 PCR confirmation of the integration of the mini-Tn10-gfp-kan 
cassette into the chromosome of V. midae SY9.  The presence of 
the gfp gene is indicated by amplification of a 717 bp DNA 
fragment of the gfp gene from bacterial genomic DNA, using the 
gfp specific primers gfp-F and gfp-R.  Lane 1, λPstI MW marker; 
lane 2, No template control; lane 3, pLofKmgfp (positive control); 
lane 4, E. coli JM109; lane 5, Pseudoaltermonas sp. strain C4; 
lane 6, V. midae SY9 and lane 7, V. midae SY9::Tn10.52. 
 
Southern hybridization of the 717 bp DNA fragment of the gfp gene amplified 
(Fig. 6.7) from pLofKmgfp and V. midae SY9::Tn10.52 with the gfp specific 
oligonucleotide DIG-labelled probes GFP001 (Fig. 6.8 A), GFP002 (Fig. 6.8 B) and 
GFP003 (Fig. 6.8 C) resulted in a single hybridization band for each of the gfp-
specific probes against each of the target DNA sequences.  Therefore, the gfp-specific 
probes all hybridise to the gfp gene used to chromosomally-tag 
V. midae SY9::Tn10.52.  
 
The specificity of the universal 16S rRNA eubacterial probe EUB338 and the 
E. coli JM109 16S rRNA specific oligonucleotide probe ECJ109, were investigated 
by PCR amplifying a 1.5 kb fragment of the 16S rRNA gene with the primer set 
fD1/Rp2 from V. midae SY9, E. coli JM109, Pseudoalteromonas sp. strain C4 and 
V. midae SY9::Tn10.52.  
 




















Figure 6.8 Southern hybridization of the DIG-labelled oligonucleotide probes 
GFP001 (A), GFP002 (B) and GFP003 (C) to 150 ng of the PCR 
amplified 717 bp DNA fragment of the gfp gene from pLOFKmgfp 
(lane 1) and V. midae SY9::Tn10.52 (lane 2).  The line indicates 





Figure 6.9 Southern hybridization of the DIG-labelled E. coli-specific 
16S rRNA oligonucleotide probe, ECJ109, to 150 ng of the PCR 
amplified 1.5 kb DNA fragment of the 16S rRNA from E. coli 
JM109 (lane 1), Pseudoaltermonas C4 (lane 2), V. midae SY9 
(lane 3) and V. midae SY9::Tn10.52 (lane 4).  The line indicates 





Figure 6.10 Southern hybridization of the DIG-labelled universal 16S rRNA 
eubacterial oligonucleotide probe, EUB338, to 150 ng of the PCR 
amplified 1.5 kb DNA fragment of the 16S rRNA from 
E. coli JM109 (lane 1), Pseudoaltermonas C4 (lane 2), V. midae 
SY9 (lane 3) and V. midae SY9::Tn10.52 (lane 4).  The line 
indicates the approximate size of the bands in kilo base pairs (kb). 
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Southern hybridization of the 1.5 kb DNA fragment of the 16S rRNA gene amplified 
from V. midae SY9, E. coli JM109, Pseudoalteromonas sp. strain C4 and 
V. midae SY9::Tn10.52 with the E. coli JM109 16S rRNA specific probe ECJ109 
(Fig. 6.9), resulted in a single hybridization band for only the amplified E. coli JM109 
16S rRNA target DNA sequence (Fig. 6.9, lane 1).  The DIG-labelled oligonucleotide 
probe ECJ109 did not hybridise to the 1.5 kb DNA fragment of the 16S rRNA gene 
from Pseudoalteromonas sp. strain C4 (Fig. 6.9, lane 2), V. midae SY9 (Fig. 6.9, lane 
3) and V. midae SY9::Tn10.52 (Fig. 6.9, lane 4).  Specific hybridisation of the 
ECJ109 probe to the amplified 1.5 kb 16S rDNA fragment from E. coli JM109 
confirms the specificity of this oligonucleotide probe and its application as a negative 
control for the in situ hybridization experiments.  
 
Southern hybridization of the 1.5 kb DNA fragment of the 16S rRNA gene amplified 
from V. midae SY9, E. coli JM109, Pseudoalteromonas sp. strain C4 and 
V. midae SY9::Tn10.52 with the universal 16S rRNA eubacterial DIG-labelled probe 
EUB338 (Fig. 6.10), resulted in a single hybridization band for the amplified 16S 
rRNA target DNA sequences of E. coli JM109 (Fig. 6.10, lane 1), Pseudoalteromonas 
sp. strain C4 (Fig. 6.10, lane 2), V. midae SY9 (Fig. 6.10, lane 3) and 
V. midae SY9::Tn10.52 (Fig. 6.10, lane 4).  The hybridisation of the EUB338 probe to 
the amplified 1.5 kb 16S rRNA DNA fragments from E. coli JM109, 
Pseudoalteromonas sp. strain C4, V. midae SY9 and V. midae SY9::Tn10.52 confirms 
the application of this oligonucleotide probe as a eubacterial positive control for the 
in situ hybridization experiments. 
 
6.4.3 Preparation of the experimental diet 
 
Optimal conditions for the incorporation of V. midae SY9::Tn10.52 into an 
ABFEED
®
 S34 diet by vacuum impregnation and the stability of the impregnated feed 
were investigated to ensure that the abalone received a high concentration of viable 
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6.4.3.1 Optimal post- vacuum impregnation drying conditions for V. midae SY9 
viability 
 
In order to determine the optimal drying conditions for the vacuum impregnated 
ABFEED
®
 S34 weaning chips, the number of V. midae SY9::Tn10.52 culturable cells 
was determined for impregnated ABFEED
®
 S34 weaning chips dried at 22 ºC for 
16 hours.  While there was a significant (P<0.05) decrease in the level of viable 
V. midae SY9::Tn10.52 within the vacuum impregnated ABFEED
®
 S34 weaning 
chips following the drying process, the remaining viable count was greater than 
5 x 10
9
 cfu g 
-1
 of dried ABFEED
®
 S34 weaning chips and was therefore high enough 



















Figure 6.11 The effect of drying V. midae SY9::Tn10.52 vacuum-impregnated 
ABFEED
®
 S34 weaning chips at 22 ºC for 16 hours on cell viability.  
Data represents the mean ± standard error (n=3).  ** (P<0.05; paired 
Student t-test) represent a significant difference between the means of 
cell viability within freshly V. midae SY9::Tn10.52 vacuum 
impregnated ABFEED
®
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In order to determine the optimal storage temperature for the probiotic supplemented 
ABFEED
®
 S34 weaning chips, the number of culturable cells was determined for 
V. midae SY9::Tn10.52 vacuum impregnated ABFEED
®
 S34 weaning chips stored at 
the constant temperature of 4 ºC. The culturable V. midae SY9::Tn10.52 cells within 
the vacuum-impregnated ABFEED
®
 S34 weaning chips increased significantly 
(P<0.05) within the first 24 and 48 hours of storage at 4 ºC (Fig. 6.12).  Thereafter, 
whilst the number of culturable V. midae SY9::Tn10.52 cells remained above 
1.0 x 10
10




 for the duration of the 7 day period when the 
impregnated feed was stored at 4 ºC, there was a significant (P<0.05) decrease in the 





















Figure 6.12 Viability of V. midae SY9::Tn10.52 within vacuum impregnated 
ABFEED
®
 S34 weaning chips stored at 4 °C over the course of a 7 day 
period.  Data represents the mean ± standard error (n=3).  Different 
postscripts represent a significant difference (P<0.05) between the 
average cell viability of V. midae SY9::Tn10.52 vacuum impregnated 
ABFEED
®
 S34 weaning chips stored at 4 ºC. 
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In order to determine the stability of V. midae SY9::Tn10.52 vacuum impregnated 
ABFEED
®
 S34 in the flowing water of an experimental abalone tank, the number of 
viable V. midae SY9::Tn10.52 cells within supplemented feed was determined over 
the course of three days for impregnated feed incubated in the experimental tanks.  
There was no significant difference (P>0.05, one-way ANOVA) in the number of 
culturable V. midae SY9::Tn10.52 cells detected after 1 day (Fig. 6.13).  There was a 
significant increase (P<0.05) in the level of viable V. midae SY9::Tn10.52 cells 
within the vacuum impregnated ABFEED
®
 S34 weaning chips incubated in the sea 
water from day 1 to day 2; however, the levels at day 2 were not statistically 
significant (P>0.05) from those observed initially.  After 3 days there was a 
significant decrease in the viable counts of V. midae SY9::Tn10.52, where the 


























Figure 6.13 Leaching of V. midae SY9::Tn10.52 from supplemented ABFEED
®
 
S34 weaning chips stored for 3 days within experimental abalone 
tanks.  Data represents the mean ± standard error of three batches of 
vacuum impregnated ABFEED
®
 S34 weaning chips (n=3).  Different 
postscripts represent a significant difference (P<0.05) between the 
average cell viability of V. midae SY9::Tn10.52 vacuum infused 
ABFEED
®
 S34 weaning chips. 
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6.4.4 Histological examination of the digestive tract of juvenile H. midae 
 
Histological examination of H & E stained H. midae tissue sections were conducted 
for abalone from every sampling point.  This was done to assess the quality of the 
tissue sections.  Paraffin-embedded whole abalone sections that appeared to be 
damaged from shucking, sectioning or handling were discarded and not used for in 
situ hybridization or immunohistochemistry.  The H & E stained H. midae tissue 
sections were also inspected for differences between abalone fed the basal diet and 
those fed the V. midae SY9::Tn10.52 supplemented diet. 
 
Histological examination of whole animal sections did not identify any morphological 
differences between H. midae fed the ABFEED
®
 S34 basal diet (Fig. 6.14) and 
abalone fed the V. midae SY9::Tn10.52 supplemented feed (Fig. 6.15) over the course 
of the 14 day experimental period.  The oesophageal region of the alimentary canal 
was devoid of any food in both groups of animals, while the crop/stomach and 
intestinal regions were full of mucous and food particles.  There was also no clear 
histological evidence of bacterial colonies indicative of the intracellular H. midae 
Rickettsiales-like prokaryote (Horwitz, 2008) within the digestive gland of the 
sampled abalone.   
 
6.4.5 In situ hybridization and localisation of V. midae SY9::Tn10.52 within the 
digestive tract of H. midae 
 
In situ hybridization was performed to localise V. midae SY9::Tn10.52 within the 
digestive tract of probiotically supplemented H. midae, by visual identification of 
specific oligonucleotide probe(s)-to-target hybridization.  A cocktail of three gfp-
specific DIG-labelled oligonucleotide probes (GFP001, GFP002 and GFP003) was 
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The universal eubacterial probe EUB338 (Stahl et al., 1989) was used as an in situ 
hybridization positive control.  The probe ECJ109, designed from a portion of the 
E. coli JM109 16S rRNA gene that was not homologous to the V. midae SY9 
16S rRNA gene, was used as a negative control.  A positive result was indicated by 
visual identification of the purple-black precipitate identifying the location of the 
target bacterial cells.   
 
Hybridization signals were not observed within whole-animal tissue sections of 
H. midae hybridized with the E. coli JM109-specific DIG-labeled oligonucleotide 
probe ECJ109, which served as a negative control (Figs. 6.16 and 6.17).   
 
Strong hybridization signals were observed within the crop/stomach and intestinal 
regions of H. midae fed either the basal or the probiotic-supplemented feeds 
hybridized with the universal eubacterial probe EUB338 (Figs. 6.18 and 6.19).  
Hybridization signals were not detected within the oesophageal or digestive gland 
regions of the H. midae digestive tract (data not shown).  Furthermore, no background 
hybridization and/or non-specific staining was observed within the surrounding 
tissues for in situ hybridizations performed with the universal oligonucleotide probe 
EUB338.  The in situ hybridization signals that were detected with EUB338 appear to 
be associated with the food and particulate matter within crop/stomach and intestinal 
regions of the abalone digestive tract (Figs. 6.18 and 6.19). 
 
No hybridization signals were detected following in situ hybridization of the cocktail 
of gfp-specific oligonucleotide probes with whole animal sections of abalone fed the 
basal ABFEED
®
 S34 diet for 0, 2 or 14 days (Fig. 6.20).   
 
Hybridization signals were not detected following in situ hybridization with the gfp-
specific oligonucleotide probes to whole animal sections of abalone fed the 
V. midae SY9::Tn10.52 supplemented ABFEED
®
 S34 weaning chips diet at day 0 
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Hybridization signals were detected following in situ hybridization with the gfp-
specific oligonucleotide probes within the crop/stomach and intestine of whole animal 
paraffin-embedded sections of H. midae fed the V. midae SY9::Tn10.52 
supplemented ABFEED
®
 S34 weaning chips diet after 2 (Fig. 6.21 C, D and E) and 
14 days (Fig. 6.21 F - I).  As was observed for sections probed with the eubacterial 
probe (Fig. 6.18 and 6.19), hybridization signals with the gfp-specific oligonucleotide 
probes appear to be associated with feed and/or particulate matter within the H. midae 
crop/stomach and intestinal regions (Fig. 6.21 C, D, E, F, H and I).  Hybridization 
signals were also detected on the lining of the abalone crop/stomach (Fig. 6.21 G). 
 
6.4.6 Immunohistochemical localisation of VmproA within the digestive tract 
of H. midae  
 
We demonstrated in Chapter 5 that alkaline protease activity is significantly improved 
within the crop/stomach and intestine of abalone fed ABFEED
®
 S34 weaning chips 
supplemented with V. midae SY9.  Therefore, in order to examine the specific 
presence and distribution of VmproA within the digestive tract of H. midae, we 
performed immunohistochemical localisation using paraffin-embedded whole animal 
sections of juvenile H. midae.  Anti-VmproA polyclonal antibodies were obtained by 
immunizing rabbits with purified VmproA protein (Chapter 3).   
 
Immunostaining signals corresponding to the presence of VmproA were not detected 
in any of the abalone sections prior to the beginning (Day 0) of the feeding 
experiment (Figs 6.22 and 6.23), although a weak positive signal was observed within 
the intestinal region of one H. midae section (Fig. 6.23 A).  Weak 
immunohistochemical signals were also observed within the intestine of a section 
from an abalone fed the basal diet for two days (Fig. 6.22 E).  Immunostaining signals 
were not detected within the surrounding tissues of paraffin-embedded whole animal 
sections of H. midae fed either diet throughout the course of the 14 day period 
(Figs. 6.22 and 6.23).  Controls for non-specific binding of secondary antibodies to 
abalone tissues indicated that no immunohistochemical reactions were detected for 
tissue sections of abalone sampled after being fed the basal or probiotic supplemented 
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Immunohistochemical signals corresponding to the presence of anti-VmproA 
polyclonal antibodies indicates that VmproA was associated with food and/or other 
particulate matter within the crop/stomach and intestine of H. midae fed 
V. midae SY9::Tn10.52 supplemented ABFEED
®




















































Macey and Coyne (2005) investigated the effect of supplementing a high-protein 
artificial diet with a mixture of three probiotic strains, including V. midae SY9, on in 
situ protease activity and protein digestion within abalone digestive tract regions.  
Abalone fed a diet supplemented with the probiotic strains had enhanced levels of 
intestinal in situ alkaline protease activity in comparison with animals fed a basal 
ABFEED
®
 S34 diet (Macey and Coyne, 2005).  They also observed a significant 
improvement in the digestion and absorption of proteins within the intestinal region of 
abalone fed the probiotic supplemented diet (Macey and Coyne, 2005).  Similarly, in 
this study (Chapter 5), we showed that H. midae fed an ABFEED
®
 S34 diet 
supplemented with a single probiotic strain, V. midae SY9, had significantly enhanced 
in situ alkaline protease activity levels within both the crop/stomach and intestinal 
digestive tract regions in comparison to abalone fed the basal diet.  A mutant strain 
V. midae SY9Mut2, deficient in the predominant extracellular alkaline protease 
VmproA, was constructed using an insertional inactivation strategy (Chapter 4).  
H. midae fed ABFEED
®
 S34 weaning chips supplemented with V. midae SY9Mut2 
had equivalent in situ alkaline protease activity levels within both the crop/stomach 
and intestinal regions when compared to abalone fed the basal control diet 
(Chapter 5).  Therefore, the difference in in situ alkaline protease activity levels of 
abalone fed the V. midae SY9 supplemented diet and those fed the basal diet is most 
likely due to the production and secretion of VmproA by V. midae SY9 within the 
abalone digestive tract. 
 
As V. midae SY9 was initially isolated from the digestive tract of cultured H. midae 
(Macey, 2005), it is likely that this bacterial strain may be a common enteric 
bacterium of cultured H. midae.  Therefore, it was necessary to construct a strain of 
V. midae SY9 that would enable the specific identification of probiotic cells ingested 
by H. midae from supplemented feed and not V. midae SY9 cells present within the 
natural digestive microbiota of H. midae.  Macey and Coyne (2006) constructed 
chromosomally tagged strains of V. midae SY9 by using the mini-Tn10-gfp-kan 
transposon mutagenesis system.  This was done in order to track the persistence of 
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V. midae SY9.8 was employed in H. midae colonisation experiments.  The 
mini-Tn10-gfp-kan cassette was shown to have randomly integrated into a single 
position in the chromosome of V. midae SY9.  Rengpipat et al. (2009) transformed 
Bacillus S11 with the constitutive GFP-expressing plasmid pAD44-12 as a marker for 
fluorescent in situ localisation of Bacillus S11 within the intestine of P. monodon.  
However, Macey (2005) observed that relative GFP expression and fluorescence in 
the V. midae SY9 mini-Tn10-gfp-kan transconjugants was inadequate for fluorescent 
in situ detection of V. midae SY9 within the abalone digestive tract.  Never the less, 
Macey and Coyne (2006) demonstrated that a 1.3 kb kan-gfp fragment of the 
mini-Tn10-gfp-kan transposon cassette could be used as a specific DNA probe to 
detect V. midae SY9.8 in the digestive tract of H. midae.  Therefore, in situ 
hybridization using specific DNA probes was investigated as an alternative approach 
to the localisation of V. midae SY9 within H. midae.  Horwitz (2008) successfully 
localised an intracellular bacterium infecting H. midae using specific DIG-labeled 
oligonucleotide DNA probes.  Therefore, in this study gfp chromosomally- tagged 
strains of V. midae SY9 were constructed using the mini-Tn10-gfp-kan transposon 
system, as the chromosomally integrated mini-Tn10-gfp-kan cassette was identified as 
a suitable target for specific DNA probes to enable localisation of ingested probiotic 
cells within H. midae.   
 
Macey (2005) reported that chromosomal integration of the mini-Tn10-gfp-kan 
transposon cassette had no significant influence on the growth of the mutant strain 
relative to V. midae SY9.  Similarly, Rengpipat et al. (2009) demonstrated that the 
properties of a GFP-expressing mutant strain of a shrimp probiotic Bacillus S11-GFP 
were not significantly different to that of the wild-type strain.  In this study, 
chromosomal integration of the mini-Tn10-gfp-kan transposon had no significant 
impact on the growth and protease activity of the gfp chromosomally-tagged V. midae 
SY9 strains.  As a result, any of the three strains constructed could have been used to 
investigate and localise V. midae SY9 within the digestive tract of H. midae by in situ 
hybridisation. 
 
As previously discussed (Chapter 5), an important consideration in studies of this 
nature is that the probiotic microorganisms need to be viably, stably and consistently 
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drying and storage conditions are optimized, in turn ensures that live probiotic strains 
supplemented into a formulation feed remain viable and retain their functionality 
through the feed preparation and storage processes.  Vacuum impregnation has been 
shown to be a viable, stable and consistent method for supplementation of ABFEED
®
 
S34 weaning chips with V. midae SY9 strains (Chapter 5).  Similar to results obtained 
for post-impregnation drying of probiotic supplemented ABFEED
®
 (Chapter 5), there 
was a significant (P<0.05) decline in V. midae SY9::Tn10.52 viability within 
supplemented ABFEED
®
 S34 following post-vacuum impregnation drying at 22 ºC 
for 16 hours.  However, the level of viable probiotic cells within the supplemented 
feed following post-vacuum impregnation drying remained above the previously 






 S34.   
 
A storage temperature of 4 ºC was investigated to ensure that ABFEED
®
 S34 weaning 
chips supplemented with V. midae SY9::Tn10.52 could be stored for a maximum of 
7 days without a significant loss in the probiotic cell viability below the pre-
determined threshold of approximately 10
6




.  Investigation of a 
longer storage period was not considered as the abalone in this experiment were only 
fed probiotically supplemented feed for 14 days.  Therefore, being able to store the 
feed for a minimum period of 7 days meant that probiotically supplemented 
ABFEED
®
 S34 weaning chips only had to be prepared twice during the 14 day 
experimental period.  The viable cell count within the stored vacuum impregnated 
feed increased over the course of the 7 day storage period with the highest titre 
recorded after 2 days.  Previous investigations of this nature with V. midae SY9 
strains in Chapter 5 and by Macey and Coyne (2005), did not determine cell viability 
within supplemented feed on such a regular basis within a relatively short (7 day) 
period.  Instead, the focus of those investigations into probiotic storage was on long-
term storage of probiotic-supplemented ABFEED
®
 S34 for use in long-term H. midae 
growth trials. 
 
As was previously discussed (Chapter 5), the stability of vacuum impregnated 
V. midae SY9::Tn10.52 within the flow-through abalone tanks was of concern, as we 
wanted to ensure that the abalone had access to ABFEED
®
 containing probiotics at a 




.  Therefore, the number of viable V. midae SY9::Tn10.52 
probiotic cells in supplemented ABFEED
®
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monitored over a three day period.  Viable V. midae SY9::Tn10.52 cells from vacuum 
impregnated ABFEED
®




 for the 
duration of the three-day period.  Therefore, the abalone tanks were cleaned, any 
uneaten food removed and V. midae SY9::Tn10.52 supplemented feed replaced every 
2-3 days for the duration of the experimental period.   
 
The colonisation experiment conducted by Macey and Coyne (2006) was based on the 
isolation of total genomic DNA from the digestive tract of H. midae fed an ABFEED
®
 
diet supplemented with the chromosomally-tagged strain, V. midae SY9.8.  The levels 
of V. midae SY9.8 within the H. midae digestive tract was monitored by in situ 
Southern blot hybridization analysis.  Macey and Coyne (2006) observed a significant 
decline in the levels of V. midae SY9.8 within the digestive tract of H. midae two 
days after cessation of feeding the probiotic-supplemented experimental diet.  
Furthermore, this drop in detectable V. midae SY9.8 was correlated with a significant 
decline in the intestinal in situ alkaline protease activity levels of abalone that had 
previously been orally administered probiotic supplemented feed. 
 
Previous investigations have identified a variety of enteric bacterial isolates from the 
gut of abalone (Erasmus, 1996; Erasmus et al., 1997; Macey, 2005; Sawabe et al., 
2004b).  Therefore, it was not surprising to detect strong hybridization signals for 
whole animal sections probed with a eubacterial probe within both the crop/stomach 
and intestinal regions of H. midae irrespective of their diet.  Bacteria are thought to 
occur throughout the digestive tract of aquatic invertebrates (Harris et al., 1998a) and 
hybridization of the eubacterial probe to targets within the crop/stomach and intestine 
provides further direct evidence for the presence of bacteria throughout the digestive 
tract of H. midae.  Erasmus et al. (1997) demonstrated that comparatively, the 
intestine contained the largest number and greatest diversity of culturable enteric 
bacteria within the digestive system of H. midae.  Similarly, in this study the 
hybridization signals associated with the intestinal regions of the digestive tract 
appeared to be more intense than those signals observed for the crop/stomach, 
indicating a greater load of enteric bacteria within the latter regions of the abalone 
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In situ hybridization of whole animal tissue sections enabled specific localisation and 
visualization of dietary-supplemented V. midae SY9::Tn10.52 within the 
crop/stomach and intestinal regions of the H. midae digestive tract.  In contrast, 
hybridization signals were not detected in abalone fed the basal ABFEED
®
 S34 
weaning chips.  Similar results have been reported in related studies investigating the 
colonisation potential of probiotics for shrimp (Rengpipat et al., 2009) and abalone 
(Macey and Coyne, 2006), by means of gfp-tagged bacterial strains.  Macey and 
Coyne (2006) detected the chromosomally-tagged strain V. midae SY9.8 using both 
culture- and in situ hybridization-based approaches, within both the crop/stomach and 
intestine of H. midae fed probiotic supplemented feed.  However, the probiotic strains 
could not be identified from control abalone fed a basal (unsupplemented) diet 
(Macey and Coyne, 2006).   
 
Rengpipat et al. (2009) detected GFP-tagged Bacillus S11 (S11-GFP) cells attached to 
the intestinal mucous lining of the black tiger shrimp, P. monodon.  Similarly, we 
observed distinct regions of positive signal corresponding to the presence of 
V. midae SY9::Tn10.52 along the inner surface of the crop/stomach of H. midae fed 
the probiotically-supplemented ABFEED
®
 diet for 14 days.  Additionally, strong 
V. midae SY9::Tn10.52 hybridization signals were observed to be associated with the 
surfaces of feed or other particulate matter within the crop/stomach and intestine of 
H. midae fed the probiotically supplemented diet.   
 
Immunological analysis showed that VmproA could be detected within the 
crop/stomach and intestinal regions of H. midae fed ABFEED
®
 S34 supplemented 
with V. midae SY9::Tn10.52.  This corroborates the increased in situ alkaline protease 
activity detected within the crop/stomach and intestine of H. midae fed V. midae SY9 
supplemented ABFEED
®
 S34 in comparison to abalone fed the basal diet (Chapter 5).  
On the whole, there was no immunohistochemical evidence of VmproA within the 
digestive tract regions of H. midae prior to their being fed the probiotically 
supplemented diet, or within abalone fed the basal diet over the course of the 14 day 
experimental period.  However, a single positive hybridization signal was detected 
within a tissue section from a basal fed animal sampled at 2 days following the start of 
the experiment.  Macey (2005) isolated V. midae SY9 from the digestive tract of 
H. midae fed ABFEED
®
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within the gut of cultured H. midae where it may express VmproA in response to 
high-protein formulation feeds, such as ABFEED
®
 S34, explaining our detection of 
VmproA in some of the sections prepared from abalone fed the basal diet.   
 
Fewer regions of positive immuno-staining for VmproA were observed within the 
crop/stomach of abalone fed V. midae SY9::Tn10.52 supplemented feed, compared to 
intestinal regions.  Similarly, the enhanced in situ alkaline protease activity detected 
within the crop/stomach in abalone fed with ABFEED
®
 supplemented with 
V. midae SY9 was not as pronounced as the increased protease activity observed 
within the intestinal regions (Chapter 5), implying that perhaps there are lower levels 
of VmproA within the crop/stomach.  As already mentioned, in situ hybridization 
with the gfp-specific probes showed lower levels of V. midae SY9::Tn10.52 within 
the crop/stomach in comparison to the intestine of H. midae.  Therefore, the lower 
number of V. midae SY9 cells present within the crop/stomach may influence the 
amount of VmproA present in that particular region of the digestive tract.  The pH of 
the crop/stomach may also not be conducive to the activity of VmproA, since it has 
been shown that the crop of H. midae has a pH of approximately 5.2 (Knauer et al., 
1996), and the crop of Haliotis laevigata Donovan has been shown to have a pH of 
5.28 (Harris et al., 1998a).  We have shown that a pH of approximately 9 is optimal 
for VmproA activity (Chapter 3). 
 
The areas displaying positive immunoreactions with VmproA appeared to be 
generally associated with the feed and/or particulate matter within the intestine of 
H. midae fed V. midae SY9::Tn10.52 supplemented ABFEED
®
 S34 weaning chips.  
Therefore, immunohistochemical localisation of VmproA within paraffin-embedded 
H. midae tissue sections are similar to the in situ localisation of 
V. midae SY9::Tn10.52 within abalone tissue sections hybridized with the gfp 
oligonucleotide DNA probes.  Thus, it could be hypothesised that viable 
V. midae SY9 cells, ingested with the supplemented artificial feed, remain attached to 
the surface of the digestive tract and associated with food particles and/or other 
particulate matter within the abalone digestive tract.  Presumably, proximity to the 
feed induces V. Midae SY9 to secrete hydrolytic enzymes, such as VmproA, within 

















Abalone are a sought after seafood delicacy, particularly in Asian countries where they 
are used in traditional ceremonies and cuisine.  The South African abalone aquaculture 
industry developed rapidly throughout the 1990s and is founded on land-based 
cultivation of Haliotis midae, known locally as ‘perlemoen’ (Britz, 1995; Sales and 
Britz, 2001).  One of the major challenges facing the abalone aquaculture industry is the 
relatively slow growth rate of abalone.  However, dietary supplementation with 
probiotic microorganisms has been shown to improve the growth rate of a variety of 
aquacultured animals.  Probiotics are thought to influence the health and growth of 
aquatic host organisms through several possible modes of action (as discussed in 
Chapter 1), including improved host digestion efficiency through the secretion of 
extracellular enzymes which contribute to the host’s pool of digestive enzymes.  Recent 
investigations have shown that dietary supplementation with probiotic strains capable of 
producing and secreting hydrolytic enzymes can significantly improve the growth rate 
of H. midae (Macey and Coyne, 2005; ten Doeschate and Coyne, 2008).   
 
Macey and Coyne (2005) isolated Vibrio midae SY9 from the digestive tract of 
H. midae as it displayed broad-substrate extracellular proteolytic activity.  Dietary 
supplementation of a high-protein artificial diet with V. midae SY9 and other probiotic 
strains resulted in an increase in the levels of alkaline protease activity and protein 
digestion within the H. midae digestive tract.  Furthermore, the survival and growth rate 
of H. midae fed a diet supplemented with a mixture of probiotic strains, including 
V. midae SY9, was significantly improved in comparison to abalone fed an 
unsupplemented basal diet.  Therefore, the primary aim of this study was to investigate 
the specific role of the predominant V. midae SY9 extracellular protease in the 
previously observed increased growth rate and digestive protease activity of cultured 
H. midae fed a formulated diet supplemented with V. midae SY9 (Macey and Coyne, 
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chapter one, the initial steps of the project involved cloning, sequencing and molecular 
characterisation of the predominant V. midae SY9 extracellular protease, VmproA. 
 
During the course of this study the fragment of V. midae SY9 chromosomal DNA 
containing the gene encoding VmproA was cloned and sequenced.  Nucleotide 
sequencing indicated that vmproA is encoded by a 1605 bp ORF producing a predicted 
534 amino acid protein that had high sequence identity to extracellular alkaline serine 
proteases produced by an assortment of Vibrio species.  Three conserved domains, 







comprising the catalytic triad, were identified within the deduced 534 amino acid 
sequence.  The active site residues are arranged in the same order as for other related 
subtilase serine proteases, while the catalytic domain had homology to members of the 
subtilisin-like serine proteases.  Based on the conserved domain architecture, VmproA 
may be expressed and translated in precursor form with both pre- and pro-domains.  
Furthermore, bioinformatic and phylogenetic analyses indicated that VmproA may be a 
member of the proteinase K-like subfamily of the subtilase superfamily of serine 
proteases.  In addition, we concluded that VmproA is the proteolytic enzyme purified 
from the culture supernatant of V. midae SY9, and that VmproA is an alkaline 
detergent-stable extracellular serine protease. 
 
VmproA was shown to have similar properties to related proteolytic enzymes, as 
V. midae SY9 culture supernatant containing VmproA produced a broad band of 
streaking when electrophoresed at 4 ºC in a polyacrylamide gel containing SDS and 
gelatine as a co-polymerised substrate.  The zone of clearing is indicative of gelatine 
hydrolysis during electrophoresis and indicates that VmproA is stable and active in the 
presence of the detergent SDS. 
 
In order to further characterise VmproA produced and secreted by V. midae SY9, 
experiments were conducted in which V. midae SY9 was cultured in a variety of growth 
media and under a range of incubation temperatures.  The results indicated that 
V. midae SY9 extracellular alkaline protease activity was influenced by incubation 
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V. midae SY9 extracellular alkaline protease(s) may also be regulated by catabolite and 
end-product repression. 
 
In an attempt to elucidate the role of VmproA in the previously observed growth 
advantage of probiotically supplemented H. midae (Macey and Coyne, 2005), 
V. midae SY9 mutant strains were constructed.  Insertional inactivation of the vmproA 
gene resulted in a V. midae SY9 mutant strain, V. midae SY9Mut2, that was unable to 
produce the distinctive detergent-stable extracellular protease, VmproA, and displayed 
significantly reduced levels of alkaline extracellular protease activity.  A vmproA gene 
duplication mutant, V. midae SY9Pro2, was constructed in an attempt to generate a 
mutant strain capable of producing increased levels of VmproA in comparison to 
V. midae SY9.  However, chromosomal vmproA duplication did not enhance 
extracellular protease activity in the abalone digestive tract as expected, despite the 
strain having shown increased alkaline extracellular protease activity during batch 
cultivation in a minimal medium supplemented with additional protein.  In vitro batch 
cultivation was the only method at our disposal to assess the growth and extracellular 
protease production characteristics of the mutant strains constructed in this study.  
Therefore, in vitro cultivation may provide an indication of the potential growth 
characteristics of strains such as V. midae SY9Pro2, however, it cannot be used as an 
accurate measure of the potential in vivo growth and VmproA activity levels within the 
abalone digestive tract. 
 
The effect of dietary supplementation with V. midae SY9, V. midae SY9Pro2 or 
V. midae SY9Mut2 on abalone growth parameters was investigated in a growth trial.  
The overall results of the H. midae growth trial were not what we had expected.  The 
initial hypothesis for this study was that viable V. midae SY9 ingested from probiotic 
supplemented feed would produce and secrete VmproA within the digestive tract of 
H. midae, thereby enhancing digestion of the protein portion of ABFEED
®
 S34, and 
ultimately resulting in increased abalone growth as observed by Macey and Coyne 
(2005).  Based on this hypothesis the expected outcome for the growth trial was that the 
highest growth rate would be recorded for H. midae fed either V. midae SY9 or 
V. midae SY9Pro2 supplemented diets, while those animals receiving the 
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compared to the abalone fed the unsupplemented basal diet which would be expected to 
have the slowest growth rate.  However, we observed significantly enhanced growth of 
abalone fed either V. midae SY9Mut2 or V. midae SY9Pro2 supplemented ABFEED
®
 
S34, relative to the growth of animals fed the basal diet and the basal diet supplemented 
with V. midae SY9.  The growth of H. midae receiving V. midae SY9 supplemented 
feed was enhanced in comparison to that of abalone fed the basal diet, but the 
improvement in growth was not statistically significant.  Macey and Coyne (2005) 
observed a significant improvement in growth rate for abalone fed a diet containing a 
mixture of probiotic microorganisms which included V. midae SY9.  Therefore, the lack 
of a significant enhancement in growth of animals fed V. midae SY9 supplemented 
ABFEED
®
 S34 was surprising.  The decline in the overall growth rate between 111 and 
180 days of the growth trial for abalone fed V. midae SY9 supplemented feed was 
particularly unexpected and may be partially responsible for the lack of a significant 
enhancement in growth over the entire growth trial period.  We are unsure of the exact 
cause of this shift in the abalone growth parameters.   
 
Interestingly, the levels of protease activity within the crop/stomach and intestinal 
regions of abalone fed the experimental diets in this study generally corresponded with 
our initial hypothesis of the potential contribution of VmproA to in situ protease 
activity.  However, increased levels of in situ protease activity did not correspond with 
improved growth rates as we initially hypothesized it would.  Instead, abalone fed 
ABFEED
®
 S34 supplemented with either of the two mutant strains had a lower in situ 
enzyme activity than that of abalone fed wild type supplemented ABFEED
®
, and yet 
had significantly improved growth rates.  It is likely that the decreased alkaline protease 
activity may have directly contributed to the enhanced growth rate of abalone fed these 
mutant probiotic diets.  Therefore we hypothesize that it is possible that VmproA may 
influence the colonisation potential of V. midae SY9 within the abalone digestive tract 
and/or that the probiotic effect on abalone growth may be due to another presently 
unknown V. midae SY9 extracellular protease such as those additional extracellular 
proteases observed in Chapters 3 and 4.   
 
Unfortunately, the effect of dietary supplementation with the complemented mutant 
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this study.  The inclusion of H. midae fed V. midae SY9Mut2.Comp supplemented 
ABFEED
®
 S34 weaning chips in the growth trial may have helped to address some of 
the questions that arose from the initial results of the growth trial, in which H. midae fed 
an artificial diet supplemented with either V. midae SY9Pro2 or V. midae SY9Mut2 
displayed enhanced growth.  The primary reason for not including 
V. midae SY9Mut2.Comp and/or duplicate tanks containing a larger size class of 
abalone was due to space constraints at the research aquarium where the growth trial 
experiment was conducted.  Unlike Macey and Coyne (2005) and ten Doeschate and 
Coyne (2008), we were unable to conduct the growth trial on a large commercial 
abalone farm as the mutant strains, V. midae SY9Pro2 and V. midae SY9Mut2, contain 
antibiotic resistance genes.  We wanted to limit the exposure of natural marine 
microbial populations to these mutant strains and the antibiotic markers that they 
harbour, particularly within a commercial aquaculture facility. 
 
The growth trial period of 180 days is relatively short in comparison to the 4 - 5 year 
grow-out phase of H. midae within a commercial abalone aquaculture facility.  Macey 
and Coyne (2005) conducted their farm-based growth trial on smaller post-weaning 
H. midae for a period of 252 days.  In a similar study ten Doeschate and Coyne (2008) 
conducted a farm-based growth trial to investigate Pseudoalteromonas sp. strain C4 
supplementation of a kelp-based H. midae feed for 241 days.  Perhaps the growth trial 
period within the present study should have been longer.  This may have enabled us to 
obtain additional information which would assist in clarifying the role of vmproA in the 
previously observed growth advantage on cultured H. midae.  Furthermore, the effect of 
altering the concentration of viable probiotic cells on abalone growth warrants further 
investigation, as it is conceivable that improved growth parameters may result from 
increasing the levels of viable probiotic cells within abalone feeds.  
 
Polyclonal antibodies against purified VmproA were employed to further explore the 
contribution of VmproA to the observed in situ protease activity (Chapter 5) and 
improved protein digestion of abalone fed probiotically supplemented feed (Macey and 
Coyne, 2005).  Immunohistochemistry using anti-VmproA antibodies enabled in situ 
localisation of VmproA to the crop/stomach and intestine of H. midae where the 
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VmproA is present within the digestive tract of H. midae following dietary 
supplementation with V. midae SY9, confirming its contribution to the enhanced in situ 
alkaline protease activity detected within the crop/stomach and intestine of probiotic 
supplemented abalone. 
 
The in situ hybridization experiments successfully confirmed the ingestion and 
colonisation of dietary supplemented V. midae SY9::Tn10.52 cells within the digestive 
tract of H. midae.  The use of a chromosomally-tagged V. midae SY9 strain effectively 
prevented the detection of any naturally occurring enteric V. midae strains and enabled 
specific localisation of dietary supplemented probiotic microorganisms.  Furthermore, 
we showed that V. midae SY9::Tn10.52 cells are generally associated with feed and/or 
other particulate matter within the H. midae digestive tract.  However, hybridization 
signals were also detected along the surface of the crop/stomach of abalone fed the 
probiotically-supplemented diet.  This suggests that V. midae SY9 may colonise and/or 
adhere to the mucous lining of the abalone gut, as well as, being associated with the 
surfaces of ingested food particles passing through the digestive tract.  Therefore, future 
studies should attempt to characterise the colonisation potential of V. midae SY9 to 
surfaces within the abalone gut. 
 
The success of the in situ hybridization experiment in this study has led to a planned 
follow-up investigation.  The objective will be to visually localise V. midae SY9Pro2 
and V. midae SY9Mut2, as well as evaluate the colonisation potential of these strains, 
within the digestive tract of H. midae fed artificial feed supplemented with these mutant 
strains.  Assessing the colonisation potential of all the V. midae SY9 strains employed 
in the growth trial may help to further address the enhanced growth rate of H. midae 
receiving V. midae SY9Pro2 or V. midae SY9Mut2 supplemented diets, as these strains 
may exhibit improved colonisation of the H. midae digestive tract in comparison to that 
of the wild-type strain. 
 
Although Macey and Coyne (2005) suggested that the growth advantage observed for 
H. midae fed a formulation feed supplemented with V. midae SY9 may have been the 
result of proteolytic enzyme contribution to digestion, the results of this study suggest 
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factor responsible for enhanced growth.  The results of this investigation as a whole 
suggest that the relationship between probiotic microorganisms and their host is 
complex and, although a single hydrolytic enzyme may indeed play a role in providing a 
growth advantage, the overall effect on the health and/or growth of the host is likely to 
be due to a multitude of interacting factors and thus an individual enzyme should not be 
completely studied in isolation.  Therefore, the increased growth rate of abalone in this 
study receiving the artificial diet supplemented with either V. midae SY9Mut2 or 
V. midae SY9Pro2 may have been due to any number of factors, including altered 
survival or colonisation within the abalone digestive tract.  Nevertheless, it seems most 
likely that by mutating vmproA we have improved the ability of these V. midae SY9 
strains to function as growth promoting probiotics for cultured H. midae. 
 
Finally, the ongoing development of growth and health enhancing probiotics is critical 
to the future advancement of not only abalone aquaculture, but aquaculture in general.  
Probiotics offer some of the most feasible solutions to many of the challenges faced by 
the aquaculture industry as a whole.  Successful identification of the factor(s) 
responsible for the significant enhancement in abalone growth following dietary 
supplementation with V. midae SY9Mut2 and V. midae SY9Pro2 may reveal which 
traits are necessary for probiotic induced abalone growth enhancement.  Future studies 
of this nature may aid in a better understanding of the complex relationship between 
probiotic microorganisms and their abalone hosts, and therefore, assist in the selection 
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All media were autoclaved at 121 ºC for 20 minutes prior to use, unless otherwise specified.  Distilled 
water used for making solutions, media and diluting buffers was purified using a Milli-RO Plus 
(Millipore) water purification system.  Ultrapure water used was obtained by further purification of the 
above water using a Milli-Q Plus (Millipore) water purification system. 
 
A.1 Media 
A.1.1 Marine Broth (MB) 
 
D-glucose (Saarchem) 2.0 g 
Casamino Acids (Difco) 5.0 g 
Yeast extract (Biolab) 1.0 g 
NaCl (Saarchem) 30.0 g 
MgCl2.6H2O (Saarchem) 2.3 g 
KCl (Saarchem) 0.3 g 
water to 1000 ml 
 
A.1.2 Marine Agar (MA) 
 
D-glucose 2.0 g 
Casamino acids 5.0 g 
Yeast extract 1.0 g 
NaCl 30.0 g 
MgCl2.6H2O 2.3 g 
KCl 0.3 g 
Agar (Biolab) 20.0 g 
water to 1000 ml 
 
A.1.3 Peptone-Marine Basal Medium (P-MBM) 
 
Peptone (Biolab) 10.0 g 
Yeast extract 1.0 g 
NaCl 30.0 g 
MgCl2.6H2O 2.3 g 
KCl 0.3 g 
water to 1000 ml 
 
A.1.4 P-MBM supplemented with 0.2% glucose  
 
Peptone (Biolab) 10.0 g 
Yeast extract 1.0 g 
NaCl 30.0 g 
MgCl2.6H2O 2.3 g 
KCl 0.3 g 
water to 990 ml 
 
P-MBM was prepared and autoclaved, before 10 ml of 20% (w/v) glucose 
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A.1.5 Luria-Bertani broth (LB) 
 
Tryptone (Biolab) 10.0 g 
Yeast extract 5.0 g 
NaCl 5.0 g 
water to 1000 ml 
A.1.6 Luria-Bertani Agar (LA) 
 
Tryptone 10.0 g 
Yeast extract 5.0 g 
NaCl 5.0 g 
Agar 15.0 g 




Tryptone 20.0 g 
Yeast extract 5.0 g 
MgSO4.7H2O (Saarchem) 4.0 g 
KCl 0.75 g 
water to 1000 ml 
 
A.1.8 Media for Protease activity test 
 
A.1.8.1 Double strength (2X) MA 
 
D-glucose 2.0 g 
Casamino acids 5.0 g 
Yeast extract 1.0 g 
NaCl 30.0 g 
MgCl2 2.3 g 
KCl 0.3 g 
Agar  20.0 g 
dH2O to 500 ml 
 
Media made up and autoclaved in a 1000 ml Schott bottle.  
 
A.1.8.2 Double strength (2X) LA 
 
Tryptone 10.0 g 
Yeast extract 5.0 g 
NaCl 5.0 g 
Agar  15.0 g 
water to 500 ml 
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A.1.8.3 4% (w/v) Skim milk 
 
Skim milk powder (Elite) 20.0 g 
water to 500 ml 
 
4% Skim milk autoclaved for 5 minutes at 121 ºC and then mixed with autoclaved 2X 
MA (Appendix A.1.8.1) or 2x LA (Appendix A.1.8.2). 
 




NaCl 5.0 g 
Tryptone 5.0 g 
Yeast extract 2.5 g 
water to 500 ml 
 




NaCl 10.0 g 
Tryptone 5.0 g 
Yeast extract 2.5 g 
Agar 7.5 g 
water to 500 ml 
 
Adjust the pH to 7.5 (Beckman Φ70 pH meter), add the agar and make the volume up 
to 500 ml. 
 
• Nine Salts Solution (NSS) 
 
NaCl 17.6 g 
Na2SO4 (Saarchem) 1.47 g 
NaHCO3 (Saarchem) 0.08 g 
KCl 0.25 g 
KBr (Saarchem) 0.04 g 
MgCl2.6H2O 1.87 g 
CaCl2.2H2O (Saarchem) 0.41 g 
SrCl2.6H2O (Saarchem) 0.008 g 
H3BO3 (Saarchem) 0.008 g 
water to 1000 ml 
 
Adjust the pH to 7.0 (Beckman Φ70 pH meter) and make up to 1000 ml. 
 
• VNSS Broth 
 
Peptone 1.0 g 
Yeast extract 0.5 g 
D-glucose 0.5 g 
FeSO4.7H2O (Saarchem) 0.01 g 
Na2HPO4 (Saarchem) 0.01 g 
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• VNSS Agar 
 
Peptone 1.0 g 
Yeast extract 0.5 g 
D-glucose 0.5 g 
FeSO4.7H2O 0.01 g 
Na2HPO4 0.01 g 
Agar 15.0 g 
NSS to 1000 ml 
 
A.1.10 Minimal Marine Medium (MMM) 
 
• Trace metal solution 
 
Na2EDTA 3 g 
MnCl2.4H2O 430 mg 
FeCl3.6H2O 380 mg 
H3BO3 340 mg 
ZnSO4.7H2O 66 mg 
CoCl2.6H2O 2 mg 
CuSO4.5H2O 0.37 mg 
water to 1000 ml 
 
Filter sterilize, through a 0.22 µm filter, and store aliquots at 4 ºC. 
 
• Vitamin solution 
 
Thiamine 0.5 g 
Biotin 1 mg 
Vitamin B12 0.2 mg 
water to  1000 ml 
 




NaCl 18 g 
MgSO4 5 g 
NH4Cl 1 g 
KCl 0.6 g 
Glucose 1 g 
K2HPO4 5 mg 
NaNO3 0.05 g 
NaSiO3.9H2O 0.15 g 
Tris buffer (1.45 M Tris/HCl, pH 7.6) 8 ml 
Trace metal solution 10 µl 
Vitamin solution 1 ml 
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A.1.11 MMM, 1% (w/v) Peptone (MMM-P) 
 
NaCl 18 g 
MgSO4 5 g 
NH4Cl 1 g 
KCl 0.6 g 
Glucose 1 g 
K2HPO4 5 mg 
NaNO3 0.05 g 
NaSiO3.9H2O 0.15 g 
Tris buffer (1.45 M Tris/HCl, pH 7.6) 8 ml 
Trace metal solution 10 µl 
Vitamin solution 1 ml 
Peptone 10 g 




A.2.1 Artificial seawater (ASW) 
 
NaCl 30.0 g 
MgCl2.6H2O 2.3 g 
KCl 0.3 g 
water to  1000 ml 
 
A.2.2 Antibiotic solutions in growth media 
 
• Ampicillin (Sigma) (100 mg ml-1) 
Dissolve 2 g in 20 ml water.  Filter sterilize, through a 0.22 µm syringe filter, and store 




• Chloramphenicol (30 mg ml-1) 
Dissolve 0.6 g in 20 ml methanol.  Filter sterilize, through a 0.22 µm syringe filter, and 





• Kanamycin (Sigma) (30 mg ml-1)  
Dissolve 0.6 g in 20 ml water.  Filter sterilize, through a 0.22 µm syringe filter, and 
store aliquots at -20 °C.  Dilute 1:1000 into media to a final concentration of 
30 µg ml
-1
, unless otherwise indicated. 
 
• Streptomycin (100 mg ml-1) 
Dissolve 2 g in 20 ml water.  Filter sterilize, through a 0.22 µm syringe filter, and store 
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A.2.3 General stock solutions 
 
• 20% (w/v) Glucose 
 
Glucose (Saarchem) 20 g 
water to 100 ml 
 
Sterilize by autoclaving.  Dilute into media, to achieve the desired final concentration 
of glucose within the growth medium. 
 
• 100 mM IPTG 
 
IPTG (Fermentas) 119.15 mg 
water to 5 ml 
 
Filter sterilize, through a 0.22 µm filter, and store aliquots at 4 °C.  Dilute 1:200 into 
media, to a final concentration of 0.5 mM. 
 
• 1 N NaOH 
 
NaOH (Saarchem) 4 g 
water to 100 ml 
   
Store in a plastic bottle. 
 
• 0.5 M EDTA 
 
EDTA (Saarchem) 93.05 g 
NaOH (Saarchem) 10 g 
water to 500 ml 
 
Dissolve the EDTA and the NaOH in 400 ml water, adjust the pH to 8 (Beckman Φ70 
pH meter) and make up to a final volume of 500 ml.  
 
 
• 1 M HCl 
 
37% HCl (Saarchem) 8.4 ml 
water to 100 ml 
   
Store in a foil covered glass bottle. 
 
• 100 mM EGTA 
 
EGTA (Calbiochem) 1.902 g 
1 N NaOH to 50 ml 
 
Dissolve the EGTA in 40 ml 1 N NaOH and then make up to a final volume of 50 ml 
with 1 N NaOH.  
 
• 1 M Tris base 
 
Tris 12.1 g 
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• 1 M Tris-HCl 
 
Tris 12.1 g 
water to 100 ml 
 
Dissolve the Tris in 80 ml water and adjust pH (Beckman Φ70 pH meter) to required 
level with concentrated HCl (Saarchem).  Finally make up to a final volume of 100 ml. 
 
• TE buffer (Tris-EDTA) 
 
1 M Tris-HCl (pH 7.6) 1 ml 
0.5 M EDTA 200 µl 
water to 100 ml 
 
• Ethidium Bromide (10 mg ml-1) 
 
Ethidium Bromide (Sigma) 0.1 g 
water to 10 ml 
 
Shake well to dissolve.  Do not autoclave.  Store in the dark, in a foil covered bottle.  
Powerful mutagen; wear gloves and clean spills with isopropanol. 
 
• 1 M NaCl 
 
NaCl 5.84 g 
water to 100 ml 
 
• 20% (w/v) Sodium dodecyl sulphate (SDS) 
 
SDS (Saarchem) 20 g 
water to  100 ml 
 
Stir on a warm plate to dissolve, and do not overheat.  Do not autoclave. 
 
• 70% (v/v) Ethanol (EtOH) 
 
Absolute EtOH (Merck) 70 ml 
water to 100 ml 
 
Do not autoclave. 
 
• 10x Phosphate buffered saline (PBS) 
 
NaCl 87 g 
Na2PO4 (Merck) 22.5 g 
KH2PO4 (Saarchem) 2 g 
water to 1 l 
 
Dissolve NaCl, Na2PO4 and KH2PO4 in 900 ml water.  Adjust pH to 7.4 (Beckman Φ70 
pH meter) and make up to 1 l with water. 
 
• 1x PBS  
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• 3 M Sodium acetate (pH 5.2) 
 
Na-acetate 204.05 g 
water to 500 ml 
 
Dissolve sodium acetate in 400 ml water, adjust pH with glacial acetic acid to 5.2 (Beckman Φ70 pH 
meter) and make volume up to 500 ml. 
 
• 1M MgCl2  
 
MgCl2.6H2O 20.3 g 
water to 100 ml 
 
• 50% (v/v) Glycerol 
 
Glycerol 50 ml 
water to  100 ml 
   
Autoclave. 
 
• 20% (v/v) Triton X-100  
 
Triton X-100 (Saarchem) 2 ml 
sterile water to  10 ml 
 
• 20% (v/v) Tween-20 
 
Tween-20 (Saarchem) 2 ml 
sterile water to  10 ml 
 
A.2.4 Solutions for chromosomal DNA extractions 
 
• 10% (w/v) SDS  
 
SDS 10 g 
water to  100 ml 
 
Stir on a warm plate to dissolve, and do not overheat.  Do not autoclave. 
 
• Proteinase K (20 mg ml-1) 
 
Proteinase K (Sigma) 20 mg 
sterile water to  1 ml 
 
Do not autoclave.  Store at -20 ºC. 
 
• 5 M NaCl 
 
NaCl 29.22 g 


















NaCl 4.1 g 
CTAB (USB) 10 g 
water to 100 ml 
 
Dissolve the NaCl in 80 ml of water.  Slowly add the CTAB 
(cetryltrimethylammonium bromide).  Heat while stirring slowly. If necessary, heat to 
65 ºC to dissolve.  Adjust to a final volume of 100 ml with water. 
 
• Lysozyme buffer 
 
100 mM Tris-HCl (pH 7.0) 0.25 ml 
100 mM Glucose 0.5 ml  
0.5 M EDTA 0.02 ml 
Proteinase K (20 mg ml
-1
) 0.01 ml 
Lysozyme (Sigma) 0.02 g  
Sterile water to 1 ml 
   
Do not autoclave.  Make up fresh before each use, and store on ice. 
 
• Chloroform (Merck) / isoamyl alcohol (Merck) 
 
Mix at a ratio of 24:1.  Store in the dark, in a foil covered bottle. 
 
• Phenol / chloroform (Merck) 
 
Mix the phenol (pH 8.0) and the chloroform at a ratio of 1:1.  Store in a foil covered 
bottle. 
 
• RNase A (10 mg ml-1) 
 
RNase A (Sigma) 0.1 g 
1 M Tris-HCl (pH 7.5) 100 µl 
5 M NaCl 3 ml 
water to 10 ml 
 
Heat for 15 minutes at 100 ºC and allow to cool slowly to room temperature.  Do not 
autoclave.  Aliquot into sterile microfuge tubes and store at -20 ºC. 
 
• TE buffer containing RNase 
 
RNase A 10 µl 
TE buffer  990 µl 
 
A.2.5 Solutions for E. coli competent cell preparation 
 
• 0.1 M MgCl2 
 
MgCl2 2.03 g 
water to  100 ml 
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• 1 M RbCl 
 
RbCl 6.05 g 
water to  50 ml 
 
• 0.1 M CaCl2 
 
CaCl2.2H2O 1.472 g 
water to  100 ml 
 
Autoclave.  Chill to 4 ºC, before use. 
 
• 750 mM CaCl2.2H2O 
 
CaCl2.2H2O 5.52 g 
water to  50 ml 
 
• 100 mM MOPS (pH 7) 
 
MOPS 1.05 g 
water to  50 ml 
 
Adjust the pH of the MOPS buffer to 7 with NaOH (Beckman Φ70 pH meter). 
 
• TFB 1 
 
1 M RbCl 5 ml 
MnCl2.4H2O 0.495 g 
KOAc 0.147 g 
750 mM CaCl2.2H2O 0.67 ml 
50% Glycerol 15 ml 
water to 50 ml 
 
Adjust to pH 5.8 with Glacial Acetic acid (Beckman Φ70 pH meter), make to volume 
and filter sterilize.  Make up fresh before each use, and store on ice. 
 
• TFB 2 
 
100 mM MOPS (pH 7) 5 ml 
1 M RbCl 0.5 ml 
750 mM CaCl2.2H2O 5 ml 
50% Glycerol 15 ml 
water to 50 ml 
 










Appendix A:   Media and solutions 
 
270 
A.2.6 Solution for agarose gel electrophoresis 
 
• 50x TAE (Tris-acetate buffer) 
 
Tris  242 g 
Glacial acetic acid (Merck) 57.1 ml 
0.5 M EDTA 100 ml 
water to 1000 ml 
 
• Tracking Dye 
 
Bromophenol blue 62.5 g 
Sucrose 10 g 
0.5 M EDTA 1 ml 
water to 25 ml 
   
Autoclave. 
 
• 1x TAE 
 
Dilute 50x TAE 1:50 with water. 
 
• λPstI DNA Molecular Weight Marker 
 
Lambda (λ) phage genomic DNA (Promega) 40 µl 
PstI (Roche) 20 U 
10x Buffer R (Roche) 20 µl 
sterile water to  200 µl 
 
Perform a standard restriction digest at 37 ºC overnight.  Add 40 µl tracking dye to stop 
the reaction, and load 15 - 20 µl per gel lane as a DNA molecular weight marker. 
 
A.2.7 Solutions for preparation of plasmid DNA 
 
• Solution 1 
 
1 M Tris-Cl (pH 8) 25 ml 
D-glucose 20 g 
0.5 M EDTA 20 ml 
water to  100 ml 
 
Combine the Tris-Cl and EDTA with 15 ml water, autoclave and add filter sterilized 
glucose to the mixture.  Adjust the volume to 100 ml with sterilized water. 
 
• Solution 2 
 
NaOH 0.8 g 
SDS 1 g 
sterile water to  100 ml 
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• Solution 3 
 
KOA 147 g 
water to 500 ml 
 
Dissolve potassium acetate in 250 ml water, pH to 4.8 using Glacial acetic acid 
(Merck) (Beckman Φ70 pH meter) and adjust the volume to 500 ml. 
 
 
• Salt saturated isopropanol 
 
5 M NaCl 29.22 g 
TE buffer 300 ml 
Isopropanol to 600 ml 
 
Shake up and stand overnight.  Do not autoclave. 
 
A.2.8 Solutions for Southern hybridization analysis 
 
• 0.25 M HCl 
 
HCl 21.35 ml 
water to 1 l 
 
Do not autoclave. 
 
• 20x SSC (Sodium chloride tri-sodium citrate) 
 
NaCl 17.5 g 
Tri-Na Citrate 8.82 g 
water to 100 ml 
 
Dissolve NaCl and tri-Na citrate in 80 ml water, adjust pH to 7.4 with NaOH (Beckman 
Φ70 pH meter) and make up to 100 ml with water. 
 
• 2x SSC  
 
Dilute 20 x SSC 1:10 with water. 
 
• 0.5x SSC  
 
Dilute 20 x SSC 1:40 with water. 
 
• STE (Sodium chloride-Tris EDTA) 
 
0.1 M NaCl 2.92 g 
TE buffer 500 ml 
 
• PB stock solution (1 M Na2HPO4, pH 7.2) 
 
Na2HPO4. 7H2O 134 g 
85% H3PO4 4 ml 
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• Sephadex G-50 
 
Sepahdex G-50 (medium) 30 g 
TE buffer 250 ml 
 
Autoclave in order to swell the beads, allow to cool to room temperature, and store at 
4 °C. 
 
• Tracking dye 
 
Dextran Blue 2000 0.3 g 
Orange G 0.1 g 
50 mM NaCl 10 ml 
 
Dissolve the Dextran Blue in the 50 mM NaCl, before dissolving the Orange G in the 
same solution. 
 
• 0.4 M NaOH 
 
NaOH 16 g 
water to 1 l 
 
• 0.4 M NaOH / 1 M NaCl 
 
NaOH 16 g 
NaCl 58.44 g 
water to 1 l 
 
• 25% (w/v) SDS (Sodium dodecyl sulphate) 
 
SDS 250 g 
water to 1 l 
 
Stir on a warm plate and do not overheat.  Do not autoclave. 
 
• Church pre-hybridization buffer (pre CHB) 
 
Non-fat dry milk 0.5 g 
PB stock solution 50 ml 
0.5 M EDTA 0.2 ml 
25% SDS 28 ml 
water to 100 ml 
 
• Church hybridization buffer (CHB) 
 
PB stock solution 50 ml 
0.5 M EDTA 0.2 ml 
25% SDS 28 ml 
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• Wash buffer A (WBA) 
 
PB stock solution 20 ml 
0.5 M EDTA 1 ml 
25% SDS 100 ml 
water to 500 ml 
 
• Wash buffer B (WBB) 
 
PB stock solution 40 ml 
0.5 M EDTA 2 ml 
25% SDS 40 ml 
water to 1 l 
 
• 2x SSC / 0.1% (w/v) SDS 
 
20 x SSC 10 ml 
10% SDS 1 ml 
water to 100 ml 
 
• 0.5x SSC / 0.1% (w/v) SDS 
 
20 x SSC 2.5 ml 
10% SDS 1 ml 
water to 100 ml 
 
• 5x Maleic acid 
 
Maleic acid (Sigma) 58.0 g 
NaOH 35.0 g 
NaCl 43.8 g 
water to 1 l 
 
Dissolve the Maleic acid, NaOH, and NaCl in 800 ml water, adjust the pH to 7.5 with 
NaOH and make the solution up to a final volume of 1000 ml with water.  Autoclave. 
 
• 1x Maleic acid  
 
Dilute 5x maleic acid 1:5 with water. 
 
• Washing buffer 
 
5 x Maleic acid  20 ml 
Tween-20 (Saarchem) 0.3 ml 
water to  100 ml 
 
• Blocking solution 
 
1 x Maleic acid  18 ml 
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• Antibody solution 
 
Blocking solution  20 ml 
Anti-digoxigenin-AP (Roche) (0.75 U µl
-1
) 2 µl 
 
• Detection buffer 
 
Tris 1.21 g 
NaCl 0.58 g 
water to 100 ml 
 
Dissolve the Tris and NaCl in 80 ml of water, adjust the pH to 9.5 with concentrated 
HCl (Saarchem) and make the solution up to a final volume of 100 ml with water.  
Autoclave. 
 
A.2.9 Solutions for RNA extractions 
 
All solutions were either DEPC treated and autoclaved twice, or made up in baked glass bottles using 
sterile DEPC water. 
 
• Sterile DEPC treated water 
 
DEPC  1 ml 
water to 1 l 
 
Allow to stand overnight, with periodic mixing, prior to autoclaving twice. 
 
• 0.5 M EDTA 
 
EDTA 93.05 g 
NaOH 10 g 
DEPC 0.5 ml 
water to 500 ml 
 
Dissolve the EDTA and the NaOH in 400 ml water, adjust the pH to 8 (Beckman Φ70 
pH meter) and make up to a final volume of 500 ml after adding DEPC. 
 
• 1 M Tris-HCl 
 
Tris 12.1 g 
DEPC 0.1 ml 
water to 100 ml 
 
Dissolve the Tris in 80 ml water and adjust pH to required level with concentrated HCl 
(Beckman Φ70 pH meter).  Add DEPC and make up to a final volume of 100 ml. 
 
• TE buffer (Tris-EDTA) 
 
1 M Tris-HCl (pH 7.6) 1 ml 
0.5 M EDTA 200 µl 
DEPC 0.1 ml 











Appendix A:   Media and solutions 
 
275 
• 1 M Sucrose 
 
Sucrose 34.23 g 
DEPC treated water to 100 ml 
 
• Ethidium bromide (10 mg ml-1) 
 
Ethidium bromide 0.1 g 
DEPC treated water to 10 ml 
 
Shake well to dissolve.  Do not autoclave.  Powerful mutagen; wear gloves and clean 
spills with isopropanol. 
 
• 70% (v/v) EtOH 
 
Absolute EtOH 70 ml 
DEPC treated water to 100 ml 
 
Do not autoclave.  Store at -20 ºC. 
 
• Protoplast buffer 
 
1 M Tris-Cl (pH 8.0) 1.5 ml 
1 M Sucrose 45 ml 
0.5 M EDTA 1.58 ml 
DEPC treated water to 100 ml 
 
Do not autoclave.  Store at 4 ºC. 
 
• Lysozyme (80 mg ml-1) 
 
Lysozyme 0.8 g 
DEPC treated water to 10 ml 
 
Do not autoclave.  Aliquot the lysozyme out into sterile microfuge tubes and store at 
-20 ºC. 
 
• Lysis buffer 
 
1 M Tris-Cl (pH 8.0) 1 ml 
NaCl (Saarchem) 58 mg 
Na citrate (1 mM) 29 mg 
SDS 1.5 g 
DEPC  0.1 ml 
water to  100 ml 
 
Store at 22 °C. 
 
• Saturated NaCl 
 
NaCl (Saarchem) 40 g 
DEPC 0.1 mg 
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Stir until solution reaches saturation. 
 
• Phenol / chloroform / iso-amyl alcohol (25:24:1) 
 
Mix (phenol (pH 4.0): Chloroform: iso-amyl alcohol) at a ratio of 25:24:1. 
 
Do not autoclave.  Store at 4 ºC in a foil covered bottle. 
 
• 3 M Sodium acetate 
 
Na-acetate 204.05 g 
DEPC 0.5 ml 
water to 500 ml 
 
Dissolve sodium acetate in 400 ml water and adjust pH with glacial acetic acid to 5.2 
(Beckman Φ70 pH meter).  Add DEPC and make volume up to 500 ml. 
 
A.2.10 Solutions for RNA formaldehyde agarose gel electrophoresis 
 
• Ethidium Bromide for RNA gel electrophoresis (10 mg ml-1) 
 
Ethidium Bromide (Sigma) 0.1 g 
sterile DEPC treated MIlli-Q water to 10 ml 
 
Shake well to dissolve.  Dissolve and store in RNA-treated glassware.  Do not 
autoclave.  Powerful mutagen; wear gloves and clean spills with isopropanol. 
 
• 10x MOPS buffer, pH 6.6 - 7.8 
 
MOPS 10.0 g 
NaOAc 0.5 g 
0.5 M EDTA 5 ml 
sterile DEPC treated Milli-Q water to 250 ml 
 
Adjust the pH to 7.0 with NaOH, filter sterilise and store in the dark at 4 ºC. 
 
• RNA gel running buffer 
 
1x MOPS buffer  
 
Dilute 10x MOPS buffer 1:10 with sterile DEPC treated water. 
 
• RNA sample application buffer 
 
10x MOPS 0.3 ml 
37% Formaldehyde 0.08 ml 
Formamide 0.9 ml 
Ethidium bromide (10 mg ml
-1
) 2 µl 
sterile DEPC treated Milli-Q water to 2.2 ml 
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A.2.11 Solutions for northern blot hybridization analysis 
 
• 20x SSC 
 
NaCl 17.5 g 
Tri-Na Citrate 8.82 g 
DEPC-treated water to 100 ml 
 
Dissolve NaCl and tri-Na citrate in 80 ml water, adjust pH to 7.4 with NaOH (Beckman 
Φ70 pH meter) and make up to 100 ml with DEPC-treated water.  Double autoclave. 
 
• 1x SSC 
 
Dilute 20 x SSC 1:20 with sterile DEPC-treated water. 
 
• 2x SSC/0.1% (w/v) SDS 
 
20x SSC (RNA solution) 10 ml 
10% SDS 1 ml 
DEPC-treated water to 100 ml 
 
• 7.5 mM NaOH 
 
NaOH 0.03 g 
water to 100 ml 
   
Double autoclave to sterilise. 
 
A.2.12 Solutions for filter mating 
 
• 10 mM MgSO4 
 
MgSO4 0.1205 g 
water to 10 ml 
 
• Wash solution  
 
10 mM MgSO4 5 ml 
NSS 5 ml 
 
• 300 mM IPTG  
 
IPTG 357.45 mg 
water to 5 ml 
 
Filter sterilize, through a 0.22 µm syringe filter, and store aliquots at 4 ºC. Dilute into 
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A.2.13 Solution for the Bradford assay for determining protein concentration 
 
• Bovine serum albumin (BSA) (1 mg ml-1)  
 
BSA (Roche) 0.01 g 
sterile water to 10 ml 
   
Do not autoclave.  Aliquot and store at -20 ºC. 
 
• Bradford’s Reagent  
 
Dye Reagent Concentrate (Bio-Rad) 1 ml 
sterile water to 5 ml 
   
Make up fresh, before every use. 
 
A.2.14 Solutions for protein purification 
 
• Dialysis buffer (50 mM Tris-HCl, pH 9.0) 
 
50 mM Tris 6.07 g 
water to 1000 ml 
 
Dissolve Tris in 800 ml water and adjust pH (Beckman Φ70 pH meter) to 9.0 with 
32% HCl (Saarchem).  Finally make volume up to 1000 ml.  Autoclave and store at 
4 ºC. 
 
• 50 mM NaCl Elution buffer 
 
50 mM Tris 6.07 g 
NaCl (Saarchem) 2.92 g 
water to 1000 ml 
 
Dissolve Tris and NaCl in 800 ml water and adjust pH (Beckman Φ70 pH meter) to 9.0 
with 32% HCl (Saarchem).  Finally make volume up to 1000 ml.  Autoclave and store 
at 4 ºC. 
 
• 100 mM NaCl Elution buffer 
 
50 mM Tris 6.07 g 
NaCl (Saarchem) 5.84 g 
water to 1000 ml 
 
Dissolve Tris and NaCl in 800 ml water and adjust pH (Beckman Φ70 pH meter) to 9.0 
with 32% HCl (Saarchem).  Finally make volume up to 1000 ml.  Autoclave and store 
at 4 ºC. 
 
• 250 mM NaCl Elution buffer 
 
50 mM Tris 6.07 g 
NaCl (Saarchem) 11.68 g 
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Dissolve Tris and NaCl in 800 ml water and adjust pH (Beckman Φ70 pH meter) to 9.0 
with 32% HCl (Saarchem).  Finally make volume up to 1000 ml.  Autoclave and store 
at 4 ºC. 
 
• 500 mM NaCl Elution buffer 
 
50 mM Tris 6.07 g 
NaCl (Saarchem) 23.37 g 
water to 1000 ml 
 
Dissolve Tris and NaCl in 800 ml water and adjust pH (Beckman Φ70 pH meter) to 9.0 
with 32% HCl (Saarchem).  Finally make volume up to 1000 ml.  Autoclave and store 
at 4 ºC. 
 
• Gel-filtration buffer (50 mM Tris-HCl (pH 9.0) 300 mM NaCl) 
 
50 mM Tris 6.07 g 
NaCl (Saarchem) 17.52 g 
water to 1000 ml 
 
Dissolve Tris and NaCl in 800 ml water and adjust pH (Beckman Φ70 pH meter) to 9.0 
with 32% HCl (Saarchem).  Finally make volume up to 1000 ml.  Autoclave and store 
at 4 ºC. 
 
A.2.15 Solutions for SDS-PAGE 
 
• Stacking gel buffer 
 
0.5 M Tris-HCl, pH 6.8 
 
• Seperating gel buffer 
 
1.5 M Tris-HCl, pH 8.8 
 
• 10x SDS-PAGE running buffer 
 
Glycine 150 g 
Tris 30 g 
SDS 20 g 
water to 1000 ml 
 
• 1x SDS-PAGE running buffer 
 
Dilute 10x SDS-PAGE running buffer 1:10 with water before use. 
 
• 10% (w/v) Ammonium persulfate (AMPS) 
 
AMPS 1 g 
water to 10 ml 
 
Do not autoclave.  Filter sterilize before aliquoting into sterile microfuge tubes and 











Appendix A:   Media and solutions 
 
280 
• 2x SDS-PAGE Sample Application Buffer (SAB) 
 
Glycerol 2 ml 
10% SDS 2 ml 
Bromophenol blue 0.25 mg 
0.5 M Tris-HCl, pH 6.8 2.5 ml 
β-mercaptoethanol 0.5 ml 
water to 10 ml 
 
A.2.16 Solutions for coomassie staining of polyacrylamide gels 
 
• Coomassie SDS-PAGE gel stain 
 
Coomasie brilliant blue R250 (Sigma) 1 g 
Methanol 225 ml 
Glacial acetic acid 50 ml 
water to 500 ml 
 
• Coomassie SDS-PAGE gel destain 
 
Methanol 250 ml 
Glacial acetic acid 70 ml 
water to 500 ml 
 
• SDS-PAGE Gel storage solution 
 
Glacial acetic acid 7 ml 
water to 100 ml 
 
A.2.17 Solutions for silver staining of polyacrylamide gels 
 
• Fix solution 
 
Methanol 100 ml 
Glacial acetic acid 24 ml 
37% Formaldehyde solution 100 µl 
ultrapure water to 200 ml 
 
Do not autoclave. 
 
• Wash solution I 
 
Absolute ethanol 100 ml 
ultrapure water 200 ml 
 
• Pre-treatment solution 
 
Na2S2O3.5H2O 40 mg 
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• Wash solution II 
 
Methanol 50 ml 
ultrapure water to 100 ml 
 
• Impregnating solution 
 
AgNO3 (Merck) 400 mg 
ultrapure water to 199.85 ml 
 
Formaldehyde [150 µl of a 37% solution] was added just before use.  Do not autoclave. 
 
• Developing solution 
 
Na2CO3 12 g 
Pre-treatment solution 4 ml 
ultrapure water to 199 ml 
 
Formaldehyde [100 µl of a 37% solution] was added just before use.  Do not autoclave. 
 
• Stop solution 
 
Methanol (Merck) 50 ml 
Glacial acetic acid 12 ml 
ultrapure water to 100 ml 
 
• Gel storage solution  
 
Glacial acetic acid 1 ml 
ultrapure water to 100 ml 
 
Place gels in the gel storage solution, in a sealed clean plastic bag and store at 4 ºC, 
until photographed or scanned. 
 
A.2.18 Solutions for gelatine zymography 
 
• 5% (w/v) Gelatine solution 
 
Gelatine (Merck) 1 g 
water to 20 ml 
 
Heated in a water bath (approximately 60 °C), with regular mixing to dissolve.  Make 
up fresh before use.  
 
• 2.5% SDS  
 
SDS 2.5 g 
water to 100 ml 
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• 2% Glycerol  
 
Glycerol 2 ml 
water to 100 ml 
 
Stir on a warm plate to dissolve.  Sterilize by autoclaving. 
 
• 2x Zymogram sample application buffer 
 
Bromophenol blue 0.25 mg 
10% (w/v) SDS 4 ml 
Glycerol  2 ml 
1M Tris, pH 6.8  1.25 ml 
water to 10 ml 
 
• 1 M CaCl2  
 
CaCl2 11.1 g 
water to 100 ml 
 
• Incubation buffer (0.1 M Glycine buffer, pH 9.0 and 10 mM CaCl2) 
 
Glycine (Saarchem) 7.507 g 
1 M CaCl2   10 ml 
water to 1000 ml 
 
Adjust the pH to 9.0 (Beckman Φ70 pH meter), and make up to a final volume of 
1000 ml. 
 
• Wash solution [2.5% (v/v) Triton X-100 and 10 mM CaCl2] 
 
Triton X-100 2.5 ml 
1 M CaCl2   1 ml 
water to 100 ml 
 
Gently heat with regular mixing to dissolve the Triton X-100. 
 
• Amido black staining solution [1% (w/v) Amido black in 7% (v/v) acetic acid] 
 
Amido Black 10B 10 g 
Glacial acetic acid 70 ml 
water to 1000 ml 
 
• Amido black destaining solution [7% (v/v) acetic acid] 
 
Glacial acetic acid 70 ml 
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A.2.19 Solutions for casein zymography 
 
• Wash solution (2.5% Triton X-100) 
 
Triton X-100 2.5 ml 
ultrapure water to 100 ml 
 
Stir on a warm plate to dissolve, and do not overheat.  Do not autoclave.  Chill at 4°C 
before use. 
 
• Casein penetration solution 
 
Casein 1.05 g 
100 mM Tris-HCl (pH 9.0) to 35 ml 
 
Stir to dissolve.  Do not autoclave.  Use fresh, and chill at 4 ºC before use. 
 
A.2.20 Solutions for Azo-casien protease assays 
 
• 1 M Tris-HCl 
 
Tris 6.05 g 
water to 50 ml 
 
Dissolve the Tris in 40 ml water and adjust to required pH (Beckman Φ70 pH meter) 
with concentrated HCl (Saarchem).  Finally make up to a final volume of 50 ml. 
 
• 1 M MES 
 
MES (Sigma) 9.76 g 
water to 50 ml 
 
Dissolve the MES in 40 ml water and adjust  to required pH (Beckman Φ70 pH meter) 
with 50% (v/v) H2SO4 (Saarchem).  Finally make up to a final volume of 50 ml. 
 
• 1 M CAPS 
 
CAPS (Sigma) 11.07 g 
water to 50 ml 
 
Dissolve the Tris in 80 ml water and adjust to required pH (Beckman Φ70 pH meter) 
with 1 N NaOH (Saarchem).  Finally make up to a final volume of 50 ml. 
 
• Azo-casein solution 
 
Azo-casein (Sigma) 2 g 
1 M NaCl 40 ml 
1 M CaCl2 0.2 ml 
1 M buffer (Tris, MES or CAPS) 10 ml 
sterile water to 100 ml 
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• 10% (w/v) Trichloroacetic acid (TCA) 
 
TCA (Merck) 10 g 
water to 100 ml 
   
Do not autoclave and store at 4 °C. 
 
• 0.5 M NaOH 
 
NaOH (Saarchem) 4 g 
water to 200 ml 
   
Store in a plastic bottle. 
 
• 100 mM Phenylmethylsulphonyl fluoride (PMSF) 
 
PMSF (Roche) 174 mg 
Absolute ethanol 10 ml 
   
Aliquot and store -20 ºC. 
 
• 100 mM 1,10-Phenanthroline 
 
1,10-Phenanthroline (Sigma) 180 mg 
Absolute ethanol 10 ml 
 
A.2.21 Solution for antigen preparation 
 
• Freund’s incomplete adjuvant 
 
Mannide monoleate (Sigma) 0.5 ml 
Liquid paraffin (BDH) 4.5 ml 
 
Mannide monooleate mixed at a ratio of 1:9 (v:v) with light, colourless, liquid 
paraffine.  Mixed in a 1:1 (v:v) ratio with the antigen and emulsified 
(Rybicki, 1979) prior to injection. 
 




1 M NaCl 10 ml 
100 mM Tris-HCl (pH 7.5) 10 ml 
water to 100 ml 
 
• TBS / Tween 20 (TBST) 
 
1 M NaCl 10 ml 
100 mM Tris-HCl (pH 7.5) 10 ml 
Tween-20 (Saarchem) 100 µl 
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• ELISA Blocking buffer  
 
1 M NaCl (Saarchem) 10 ml 
100 mM Tris-HCl (pH 7.5) 10 ml 
BSA 3 g 
Tween-20 100 µl 
water to  100 ml 
 
Dissolve the BSA in 50 ml of water, before adding the remaining solutions and make 
up to a final volume of 100 ml.  Do not autoclave.  Make up fresh before each use. 
 
• 10% Diethanlamine/ 0.5 mM MgCl2 
 
• Substrate (pH 9.6) 
 
10% Diethanlamine/ 0.5 mM MgCl2 10 ml 
pNPP (BDH Laboratory Supplies) 10 mg 
   
Store at 4°C in the dark. 
 
A.2.23 Solutions for the PEG precipitation of polyclonal antibodies 
 
• Borate-buffered Saline 
 
Boric acid 2.16 g 
NaCl (Saarchem) 2.19 g 
NaOH (Saarchem) 0.7 g 
37% HCl 620 µl 
sterile distilled water to 1000 ml 
 
Dissolve the Boric acid, NaCl, NaOH and HCl in 800 ml sterile distilled water.  Adjust 
the pH to 8.6 (Beckman Φ70 pH meter) with NaOH and make up to a final volume of 
1000 ml with sterile distilled water. 
 
• 1x PBS 
 
10 x PBS 10 ml 
distilled water to 100 ml 
 
Autoclave to sterilise. 
 
• PBS containing 60% (v/v) glycerol 
 
10 x PBS 1 ml 
Glycerol (Saarchem) 6 ml 
sterile distilled water to 10 ml 
   
A.2.24 Solutions for western blot analysis 
 
• 10% (v/v) Tween-20 
 
Tween-20 (Saarchem) 2 ml 
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  Store in the dark. 
 
• Blocking solution 
 
Non-fat dried skim milk powder 5 g 
10x PBS 10 ml 
10% Tween-20 1 ml 
sterile water to  100 ml 
 
Dissolve the skim milk powder before adding Tween-20.  Do not autoclave.  Make up 
fresh before each use.  
 
• Wash solution (PBT) 
 
10x PBS 10 ml 
10% Tween-20 1 ml 
sterile water to  100 ml 
 
Do not autoclave.  Make up fresh before each use. 
 
A.2.25 Solution for electroblotting proteins onto nitrocellulose membrane 
 
• Towbin blotting buffer 
 
Tris 3.0 g 
Glycine (Saarchem) 14.4 g 
Methanol 200 ml 
sterile distilled water to  1000 ml 
 
Dissolve the Tris and Glycine in 750 ml water, before the addition of the methanol. 
Make up to 1000 ml with water and store at 4°C before use. Do not autoclave. Discard 
if the solution becomes yellow. 
 
A.2.26 Solutions for tissue fixation 
 
• 95% EtOH 
 
Absolute EtOH (Merck) 95 ml 
water to 100 ml 
   
Do not autoclave. 
 
• Davidson’s fixative 
 
95% EtOH 600 ml 
Glacial acetic acid (Saarchem) 200 ml 
Formalin (Saarchem) 400 ml 
water to 1800 ml 
 
• 70% (v/v) EtOH 
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A.2.27 Solutions for in situ hybridization analysis 
 
• 95% (v/v) EtOH 
 
Absolute ethanol 95 ml 
Sterile milli-Q water to 100 ml 
   
Do not autoclave.  Store at -20 ºC. 
 
• 80% (v/v) EtOH 
 
Absolute ethanol 80 ml 
Sterile milli-Q water to 100 ml 
   
Do not autoclave.  Store at -20 ºC. 
 
• 70% (v/v) EtOH 
   
Do not autoclave.  Store at -20 ºC. 
 
• 50% (v/v) EtOH 
 
Absolute ethanol 50 ml 
Sterile milli-Q water to 100 ml 
   
Do not autoclave.  Store at -20 ºC. 
 
• 10 x Phosphate-buffered Saline (PBS) 
 
NaCl  75.97 g 
Na2HPO4.2H2O (Saarchem) 12.46 g 
NaH2PO4.2H2O (Saarchem) 4.8 g 
Milli-Q water to  1000 ml 
 
Dissolve in 800 ml Milli-Q water, adjust the pH to 7.0 and make up to a final volume 
of 1000 ml.  Autoclave. 
 
• 1 x PBS 
 
Dilute 10 x PBS 1:10 with sterile Milli-Q water. 
 
• 2x SSC  
 
Dilute 20x SSC 1:10 with water. 
 
• 1x SSC  
 
Dilute 20x SSC 1:20 with water. 
 
• 0.5x SSC  
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 (Sigma) 100 mg 
Polyvinylpyrrolidone (PVP-10) (Sigma) 100 mg 
BSA 100 mg 
sterile Milli-Q water to 100 ml 
   
Do not autoclave.  Store at -20 ºC. 
 
• In situ hybridization buffer 
 
20x SSC 0.2 ml 
Formamide (Saarchem) 0.5 ml 
50x Denhardt’s solution 0.02 ml 
Yeast tRNA (Sigma) 0.05 ml 





sterile water to 1 ml 
 
Make up fresh before each use.  Pre-warm to required hybridization temperature before 
use. 
 
• 1 M MgCl2 
 
MgCl2.6H2O 20.3 g 
Milli-Q water to 100 ml 
 
• Buffer 1 
 
1 M Tris-HCl (pH 7.5) 10 ml 
5 M NaCl 3 ml 
Sterile milli-Q water to 100 ml 
 
• Blocking buffer 
 
1 M Tris-HCl (pH 7.5) 1 ml 
5 M NaCl 0.3 ml 
Triton X-100 (Sigma) 0.03 ml 
Feotal calf serum (Invitrogen) 0.2 ml 
Sterile milli-Q water to 10 ml 
   
Make up fresh before each use. 
 
• Buffer 2 
 
1 M Tris-HCl (pH 9.5) 10 ml 
5 M NaCl 2 ml 
1 M MgCl2 5 ml 











Appendix A:   Media and solutions 
 
289 
• NBT/BCIP colour development solution 
 
NBT (Roche) 3.375 µl 
BCIP (Roche) 3.5 µl 
Buffer 2 to 1 ml 
 
• Phosphate-buffered glycerin jelly 
 
1 M PB (pH 7.0) 5 ml 
Gelatine (Merck) 0.75 g 
Glycerol (Saarchem) 5 ml 
 
Slowly dissolve the gelatine in the phosphate buffer with gentle heating and regular 
mixing.  When dissolved, add the glycerol and mix well.  Filter through glass wool 
while still hot. 
 
A.2.28 Solutions for immunohistochemistry 
 
• 20% (v/v) Tween 20 
 
Tween 20 (Saarchem) 4 ml 
Sterile milli-Q water to 20 ml 
   
Do not autoclave.  Store in the dark. 
 
• Immunohistochemistry hybridization buffer 
 
10x PBS 1 ml 
20% Tween-20 0.05 ml 
BSA 20 mg 
Feotal calf serum 0.5 ml 
DMSO (Merck) 0.1 ml 
Sterile milli-Q water to 10 ml 
 




10x PBS 100 ml 
20% Tween-20 10 ml 
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A.2.29 Solutions for Dinitrosalicyclic Acid (DNS) assay for reducing sugars 
 
• DNS Reagent 
 
3,5-Dinitrosalicyclic acid (Sigma) 2.65 g 
NaOH 4.95 g 
NaK-tartrate (Merck) 76.5 g 
Phenol (Merck) 1.9 g 
Na-Metabisulphate (Sigma) 2.075 g 
Sterile milli-Q water to 354 ml 
 
Dissolve the 3,5-Dinitrosalicyclic acid, NaOH and NaK-tartrate in the water, 
before adding and dissolving the other constituents in turn.  The phenol was 
melted at 50 ºC.  A three ml aliquot of the solution must be titrated to an 
endpoint with 5-6 ml of 0.1M HCl using phenolphthalein as an endpoint 
indicator.  If the pH is correct, the pinkish colour will be lost after adding the 
5-6 ml of 0.1M HCl.  
 
• 0.5% (w/v) Glucose 
 
Glucose (Saarchem) 0.5 g 
Sterile milli-Q water to 100 ml 
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B.1 Preparation of E. coli competent cells 
 
B.1.1 Preparation of E. coli competent cells by CaCl2 shock treatment 
(Dagert and Ehrlich, 1979) 
 
Inoculate a single bacterial colony off a freshly streaked E. coli plate, into 5 ml Ψ-broth (Appendix 
A.1.7) and incubate for 16 hours at 37 °C with shaking.  Inoculate this starter culture into 100 ml 
pre-warmed Ψ-broth and incubate as before, until the A600 reaches between 0.3 - 0.6.  Transfer the 
100 ml culture to a pre-chilled (-20 ºC) GSA centrifuge tube (Beckman) and harvest the cells by 
centrifugation (3,000x g for 5 minutes at 4 °C).  Discard the supernatant fraction, gently resuspend the 
cells in 100 ml of ice-cold 0.1 M MgCl2 (Appendix A.2.5) and incubate on ice for one minute.  Collect 
the cells as before, gently resuspend them in 50 ml of ice-cold 0.1 M CaCl2 (Appendix A.2.5) and 
incubate on ice for approximately 2 hours.  Harvest the cells as before, and gently resuspend them in 
10 ml ice cold 0.1 M CaCl2.  Aliquot (0.1 ml) into sterile microfuge tubes, on ice, and transform with 
plasmid DNA (Appendix B.2). 
 
B.1.2 Preparation of E. coli competent cells by the RbCl method 
(Draper et al., 1988) 
 
Inoculate a single bacterial colony off a freshly streaked E. coli plate, into 5 ml Ψ-broth (Appendix 
A.1.7) and incubate for 16 hours at 37 °C with shaking.  Inoculate this starter culture into 100 ml pre-
warmed Ψ-broth and incubate, as before, until the A600 reaches 0.35 (the culture contains 




).  Transfer the 100 ml culture to a pre-chilled (-20 ºC) GSA 
centrifuge tube and chill on ice for 15 minutes.  Collect the cells by centrifugation (3,000x g for 
5 minutes at 4 °C) and discard the supernatant fraction.  Gently resuspend the cells in 21 ml ice-cold 
TFB 1 (Appendix A.2.5) and incubate on ice for 90 minutes.  Collect the cells as before and resuspend 
in 3.5 ml ice-cold TFB 2 solution (Appendix A.2.5).  Aliquot (100 µl) resuspended competent cells 
into sterile microfuge tubes, rapidly freeze in liquid nitrogen and store at -70 °C. 
 
B.2 Transformation of competent E. coli cells 
 
Thaw the 0.1 ml aliquots of frozen E. coli competent cells (Appendix B.1.2) on ice for 10 minutes 
until just molten, or incubate freshly prepared 0.1 ml aliquots of E. coli competent cells (Appendix 
B.1.1) on ice for 10 minutes.  Add 10 ng of plasmid DNA to 100 µl of thawed competent cells and 
incubate on ice for 20 minutes.  Heat shock cells at 37 ºC for 1 minute and immediately incubate on 
ice for 2 minutes, before adding 0.8 ml Ψ-broth (Appendix A.1.7) and incubating at 37 ºC, with 
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onto Luria-Bertani solid media (LA) (Appendix A.1.6) containing an appropriate antibiotic selection 
(Appendix A.2.2) and incubate for 16 hours at 37 ºC.   
 
B.3 Small-scale preparation of plasmid DNA 
(Ish-Horowicz and Burke, 1981) 
 
Inoculate a single bacterial colony off a freshly streaked E. coli plate into 5 ml Luria-Bertani broth 
(LB) (Appendix A.1.5) with antibiotic selection (Appendix A.2.2), and incubate for 16 hours at 37 °C 
with shaking.  Harvest the cells by centrifugation (13,000x g for 1 minute at 22 ºC), resuspend the 
bacterial pellet in 0.2 ml Solution 1 (Appendix A.2.7) and incubate for 10 minutes at 22 ºC.  Lyse the 
cells by adding 0.4 ml Solution 2 (Appendix A.2.7), gently mix by inverting the microfuge tube 
several times and incubate at 22 ºC for 5 minutes.  To this mixture, add 0.3 ml of ice-cold Solution 3 
(Appendix A.2.7) and incubate on ice for 10 minutes.  Pellet the cell debris by centrifugation 
(13,000x g for 5 minutes at 22 ºC), recover the supernatant fraction containing the plasmid DNA and 
transfer it to a sterile microfuge tube.  Precipitate the plasmid DNA by the addition of 0.7 volumes of 
isopropanol.  Mix the solution and centrifuge (13,000x g for 15 minutes at 4 °C) to pellet the plasmid 
DNA.  Gently remove the supernatant, wash the pellet in 70% (v/v) ethanol (Appendix A.2.3) and 
centrifuge as before.  Remove the supernatant and air-dry the pellet before resuspending it in 30 µl of 
TE buffer containing RNAse (Appendix A.2.4). 
 
B.4 Preparation of bacterial chromosomal DNA 
 
B.4.1 Large-scale preparation of bacterial chromosomal DNA 
 
Grow a 100 ml culture of the bacterial strain for 16 hours.  Harvest the cells by centrifugation 
(6,000x g for 10 minutes at 4 °C) and discard the supernatant fraction.  Resuspend the bacterial pellet 
in 9.5 ml TE buffer (Appendix A.2.3), to this add 0.5 ml 10% (w/v) SDS (Appendix A.2.4) and 0.1 ml 
of 20 mg ml
-1
 proteinase K (Appendix A.2.4).  Mix gently and incubate at 37 °C for 60 minutes.  Add 
1.8 ml 5 M NaCl (Appendix A.2.4) and mix thoroughly.  Add 1.5 ml pre-warmed CTAB/NaCl 
solution (Appendix A.2.4), mix thoroughly and incubate at 65 °C for 20 minutes.  Extract with an 
equal volume of chloroform/iso-amyl alcohol (Appendix A.2.4), and separate the phases by 
centrifugation (8,000x g for 10 minutes at 22 °C).  Remove the aqueous phase to a clean centrifuge 
tube and precipitate the chromosomal DNA by the addition of 0.6 volumes of isopropanol.  Mix the 
solution and centrifuge (13,000x g for 15 minutes at 4 °C) to pellet the chromosomal DNA.  Gently 
remove the supernatant, wash the pellet in 70% (v/v) ethanol (Appendix A.2.3) and centrifuge as 
before.  Remove the supernatant and air-dry the pellet before resuspending it in 1 ml of TE buffer 
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100 spectrophotometer (Nano Drop Technologies, Inc.) and assess the integrity of the chromosomal 
DNA by electrophoresis of 1 µg of DNA on a 0.7% (w/v) TAE (Appendix A.2.6) agarose gel 
(Appendix B.6). 
 
B.4.2 Small-scale bacterial chromosomal DNA extraction 
(adapted from Wang et al., 1996) 
 
Grow a 5 ml culture of the bacterial strain for 16 hours.  Harvest the cells by centrifugation (8,000x g 
for 5 minutes at 22 ºC) and resuspend the bacterial pellet in 0.5 ml lysozyme buffer (Appendix A.2.4).  
Incubate the resuspended bacterial cells for 30 minutes at 37 ºC.  Add 0.05 ml 10% SDS (Appendix 
A.2.4), mix gently and incubate for 30 minutes at 65 °C.  Extract with an equal volume of phenol 
(pH 8.0) (Sigma) and separate the phases by centrifugation (8,000x g for 5 minutes at 22 °C).  Remove 
the aqueous phase to a clean centrifuge tube and repeat the phenol extraction as before.  Thereafter, 
remove the aqueous phase to a clean centrifuge tube and extract with an equal volume of 
chloroform/iso-amyl alcohol (Appendix A.2.4), and separate the phases by centrifugation (8,000x g 
for 5 minutes at 22 °C).  Remove the aqueous phase to a clean centrifuge tube and precipitate the 
chromosomal DNA by the addition of one volume of isopropanol.  Gently mix the solution and 
centrifuge (13,000x g for 5 minutes at 4 °C) to pellet the chromosomal DNA.  Thereafter, gently 
remove the supernatant and air-dry the pellet before resuspending it in 0.1 ml of TE buffer containing 
RNase A (Appendix A.2.4).  Incubate at 37 ºC for 60 minutes and extract with an equal volume of 
phenol/chloroform (Appendix A.2.4).  Precipitate the chromosomal DNA by the addition of one 
volume of isopropanol.  Gently mix the solution and centrifuge (13,000x g for 5 minutes at 4 °C) to 
pellet the chromosomal DNA.  Gently remove the supernatant and air-dry the pellet before 
resuspending it in 50 µl TE buffer (Appendix A.2.3) at 4 ºC.  Quantitate the chromosomal DNA using 
the Nanodrop
®
 ND-100 spectrophotometer (Nano Drop Technologies, Inc.) and assess the integrity of 
the chromosomal DNA by electrophoresis of 1 µg of DNA on a 0.7% (w/v) TAE (Appendix A.2.6) 
agarose gel (Appendix B.6). 
 
B.5 Restriction endonuclease digestions 
(Ausubel et al., 1989 unit 3.1; www.fermentas.com) 
 
All restriction enzymes and their respective buffers were obtained from Fermentas and Roche.  
Carefully pipette 0.5 to 10 µg of either plasmid or chromosomal DNA into a sterile microfuge tube.  
The appropriate restriction enzyme buffer was added to a final concentration of 1x, or where required 
2x (as recommended by the manufacturer) and adjust the volume to 18 µl with sterile water.  Add 
restriction endonuclease (1 to 5 U µg
-1
 DNA) and make up to a final volume of 20 µl with sterile 
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water bath at the appropriate temperature (ºC).  Stop the restriction endonuclease reaction by heat 
inactivation (as recommended by the manufacturer) and/or adding 4 µl tracking dye (Appendix A.2.6). 
 
B.6 Agarose gel electrophoresis 
(Ausubel et al., 1989 unit 2.5) 
 
Melt the agarose (Hispanagar D1 LE) in 1x TAE (Appendix A.2.6) by heating in a microwave.  
Agarose concentrations can vary from 2% (w/v) for separating small DNA fragments to 0.7% (w/v) 
for separating larger DNA fragments such as restriction enzyme digested chromosomal DNA.  Add 
ethidium bromide (Appendix A.2.3) solution to the melted agarose to a final concentration of 
0.5 µg ml
-1
.  Allow agarose to cool before pouring into a gel-casting platform that has been sealed with 
masking tape and has a gel comb approximately 1 cm from the top of the gel-casting platform.  After 
the gel has hardened, remove the masking tape from the gel-casting platform and carefully withdraw 
the comb ensuring that the wells are not damaged in the process.  Place the gel-casting platform 
containing the set gel into an electrophoresis tank and add sufficient 1x TAE buffer to cover the gel.  
Load DNA samples into the wells of the gel.  Attach leads so that DNA migrates into the gel towards 
the anode.  Electrophorese the gel at 1 to 10 V cm
-1
 until the dye reaches the end of the gel.  Visualize 
the DNA on a Gel Doc XR (Bio-Rad) system using Quantity One Version 4.5.2 Software. 
 
B.7 Total RNA isolation from Gram-negative bacteria 
(Ausubel et al., 1989 unit 4.4) 
 
Incubate a bacterial culture for approximately 16 hours before collecting 10 ml of cells by 
centrifugation (10,000x g for 10 minutes at 4 ºC).  Discard the supernatant fraction, resuspend the 
harvested cells in 10 ml protoplast buffer (Appendix A.2.10) and incubate on ice for 15 minutes.  
Collect the resulting protoplasts by centrifugation (8,000x g for 5 minutes at 4 ºC) and resuspend in 
0.5 ml lysis buffer (Appendix A.2.9) and 15 µl DEPC (Sigma).  Thereafter, incubate the tubes at 37 ºC 
for 5 minutes before adding salt-saturated NaCl (Appendix A.2.9) to precipitate most of the SDS 
contained within the lysis buffer.  Remove the white precipitate by centrifugation (13,000x g for 10 
minutes).  Precipitate the nucleic acids within the supernatant by adding ice-cold absolute ethanol, 
followed by centrifugation at 13,000x g for 10 minutes at 4 ºC to collect the precipitated nucleic acids.  
Remove any remaining salts by washing the nucleic acid pellet in ice-cold 70% (v/v) ethanol 
(Appendix A.2.9) and resuspend in 20 µl of sterile DEPC treated water (Appendix A.2.9).  
 
Treat the total RNA samples with DNAse I (Promega) to remove any contaminating chromosomal 
and/or plasmid DNA, by adding 10 U of DNAse I to the RNA sample in a total volume of 50 µl and 
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phenol (pH 4.0)/chloroform/isoamylalcohol (25:24:1) (Appendix. A.2.9), separate the phases by 
centrifugation (13,000x g for 10 minutes at 22 ºC) and transfer the aqueous phase to a clean sterile 
microfuge tube.  Add 5 µl of 3 M sodium acetate (Appendix A.2.9) and 150 µl ice-cold absolute 
ethanol (Merck) to the RNA sample and centrifuge the mixture (13,000x g for 10 minutes) to 
precipitate the RNA.  Resuspend the RNA sample in 20 µl sterile DEPC water (Appendix A.2.9) and 
quantitate using the Nanodrop
®
 ND-100 spectrophotometer (Nano Drop Technologies, Inc.).  Assess 
the RNA integrity by electrophoresis of 1 µg of total RNA on a 1.5% (w/v) agarose formaldehyde gel 
(Appendices B.13.1 and B.13.2) and visualize on a Gel Doc XR (Bio-Rad) system using Quantity One 
Version 4.5.2 Software. 
 
B.8 Southern hybridization 
 
B.8.1 Southern transfer of DNA from an agarose gel onto nitrocellulose membrane 
(Coyne et al., 2002) 
 
Soak the agarose gel in 0.25 M HCl (Appendix A.2.8) for 5 minutes at 22 ºC, before rinsing the gel in 
sterile ultrapure water.  Saturate 10 sheets Whatman 3MM paper with 0.4 M NaOH (Appendix A.2.8) 
and place these sheets on top of an inverted gel-casting tray which has been placed in a tray covered 
with Cling wrap (Glad).  Add 0.4 M NaOH/1 M NaCl (Appendix A.2.8) to the tray so that the ends of 
the Whatman paper are flooded.  Invert the gel and place on top of the saturated Whatman paper, 
ensuring that no air bubbles remain trapped under the gel.  Cut Hybond N+ nylon membrane 
(Amersham Pharmacia Biotech) to the size of the gel (15 x 20 cm).  Wet the membrane in water and 
place on gel, ensuring that all the air bubbles are removed.  Cover the edges of the membrane with 
Cling wrap.  Place 3 x sheets (15 x 20 cm) Whatman 3MM paper over the membrane, followed by a 
10 cm stack of dry absorbent paper towel.  Place a glass plate on top of the towels, followed by a 
0.2 - 0.4 kg weight and blot for 3 - 16 hours.  Mark the position of the wells of the gel on the 
membrane with a blunt pencil and rinse the membrane in 2x SSC (Appendix A.2.8) for 5 minutes at 
22 ºC.  Air-dry the membrane on dry Whatman 3MM paper and store between 2 sheets of Whatman 
3MM paper at 22 ºC.  
 
B.8.2 Radiolabelling DNA by random prime labelling 
(Protocol: Roche Random Primed DNA Labelling Kit) 
 
All reagents used in this protocol were supplied in the Random primed DNA labelling kit (Roche).  
Transfer 25 ng of DNA to a sterile microfuge tube and denature the DNA fragments by heating for 
10 minutes at 95 ºC, before rapidly cooling on ice.  Add 3 µl of a dATP, dGTP, dTTP mixture 
(consisting of 1 µl of each dNTP) and 2 µl of reaction mixture.  Add 50 µCi [α-
32









APPENDIX B:   Standard methods 
 
299 
up the reaction volume to 19 µl with sterile water.  Add 2U Klenow enzyme and incubate the reaction 
mixture at 37 ºC for 30 minutes.  Separate the labelled DNA from the unincorporated nucleotides 
using a spin column (Appendix B.8.3). 
 
B.8.3 Separation of radioisotope labelled DNA from unincorporated nucleotides using spin 
columns 
(Ausubel et al., 1989 unit 3.4) 
 
Plug the bottom of a 1 ml disposable syringe with a small amount of sterile glass wool and place the 
syringe in a disposable bench top centrifuge tube.  Prepare a Sephadex G-50 (Appendix A.2.9) column 
with a bed volume of 0.9 ml in the syringe.  Wash the column with 0.1 ml STE buffer 
(Appendix A.2.8).  Add 10 µl tracking dye (Appendix A.2.8) and 40 µl STE buffer (Appendix A.2.8) 
to the labelled DNA sample.  Place a microfuge tube (with its cap removed) at the bottom of the 
centrifuge tube to collect the labelled probe from the spin column.  Load the DNA onto the spin 
column and centrifuge at 1,600x g for 4 minutes.  The unincorporated nucleotides migrate with the 
Orange G on the column, while the Dextran Blue is eluted off the column together with the labelled 
DNA probe.  Determine the specific activity of the radio-labelled DNA by counting 1 µl of probe in 
2 ml of scintillation fluid (Appendix A.2.8) on a scintillation counter (Beckman LS1701).  Specific 
activity is expressed as counts per minute (cpm) per µg DNA. 
 
B.8.4 Prehybridisation, hybridisation and washing of radioactive southern blots 
(Church and Gilbert, 1984) 
 
Place the Hybond N
+
 membrane containing the transferred DNA in a hybridization bottle 
(Ammersham).  Add approximately 20 ml of Church pre-hybridization buffer (pre-CHB, 
Appendix A.2.8) so that the membrane is covered.  Close the hybridization bottle and incubate for 
30 minutes at 65 ºC with gentle agitation.  Denature the radio-labelled probe by heating for 10 minutes 
at 95 ºC followed by rapid cooling on ice.  Remove the pre-CHB from the hybridization bottle and add 
approximately 20 ml of fresh Church hybridization buffer (CHB, Appendix A.2.8) to the membrane so 
that the membrane is covered.  Add 1.0 x 10
6
 cpm of labelled probe per ml of CHB and incubate 
overnight at 65 ºC with gentle agitation. 
 
Discard the CHB containing the radio-labelled probe and wash the membrane in Wash buffer A 
(WBA; Appendix A.2.8), followed by Wash buffer B (WBB; Appendix A.2.8) at 65 ºC for 
10 minutes.  Monitor the radioactivity on the membrane after each wash using a Geiger counter.  If the 
radiation on the membrane reaches 200 to 500 cpm, stop washing.  Seal the membrane in a plastic bag 
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(Hyperfilm, Amersham) at -70 ºC and develop manually.  Rinse the developed X-ray with tap water 
and air-dry for approximately 30 minutes. 
 
B.8.5 DIG-labelling DNA by random primer labelling 
(Protocol: Roche DIG High Prime DNA Labelling and Detection Starter Kit II) 
 
All reagents used in this protocol were supplied in the DIG High Prime DNA Labelling and Detection 
Starter Kit II (Roche).  Transfer 10 ng to 3 µg of template DNA and sterile water in a maximum 
volume of 16 µl to a sterile microfuge tube and denature the DNA fragments by heating for 
10 minutes at 95 ºC, before cooling rapidly on ice.  Add 4 µl of the DIG-High prime (vial 1), mix and 
incubate at 37 ºC for 1 hour to 20 hours.  Stop the labelling reaction by adding 2 µl of 0.2 M EDTA 
(pH 8.0) (Appendix A.2.3) and heating to 65 ºC for 10 minutes.  Store the labelled probe DNA in a 
sterile microfuge tube at 4 ºC. 
 
B.8.6 Determination of DIG-labelling efficiency 
(Protocol: Roche DIG High Prime DNA Labelling and Detection Starter Kit II) 
 




) of the DIG-labelled probe DNA in sterile distilled water.  Spot 
1 µl aliquots of each dilution onto a small piece of nylon membrane and dry at 22 ºC for 15 minutes.  
Block the membrane by incubating in a small volume of blocking solution (Appendix A.2.8) for 
30 minutes with gentle agitation at 22 ºC.  Centrifuge the anti-digoxigenin-AP (Roche) antibody vial 
(13,000x g for 5 minutes at 4 ºC) and add the appropriate volume to the blocking solution.  Incubate 
the membrane for 30 minutes in the antibody [anti-digoxigenin-AP (Roche)] containing blocking 
solution with gentle agitation at 22 ºC.  Thereafter, wash the membrane twice for 15 minutes in ample 
washing buffer and equilibrate for 5 minutes at 22 ºC in 20 ml detection buffer (Appendix A.2.8).  
 
Visualize the hybridized DIG-labelled probes by placing each membrane (DNA side up) in an opened 
hybridization bag and applying 1 ml of the defrosted chemiluminescence substrate CSPD (Roche).  
Spread the substrate evenly over the membrane by folding over the opened bag.  Remove excess 
substrate, after incubation for 5 minutes at 22 ºC, by squeezing it out of the hybridization bag.  Seal 
the edges of the bag to prevent the membrane drying out.  Incubate the damp membrane for 
10 minutes at 37 °C to enhance the luminescent reaction.  Expose the membrane to X-ray film 
(Hyperfilm, Amersham) at 22 °C in an X-ray cassette.  Develop the X-ray film manually as described 
in Appendix B.8.4.  Visualize the results and compare the intensities of the dilution series of the DIG-
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B.8.7 Prehybridization, hybridization and washing of DIG-labelled southern blots 
(Protocol: Roche DIG High Prime DNA Labelling and Detection Starter Kit II) 
 
Pre-hybridize the nylon membrane in DIG Easy Hyb (Roche) at 42 ºC for 45 minutes with gentle 
agitation.  Add the DIG-labelled DNA probe to pre-heated DIG Easy Hyb (3.5 ml/100 cm
2
 membrane) 
at a concentration of 2.5 ng ml
-1
 of hybridization buffer and mix well without foaming as bubbles may 
lead to background.  Discard the pre-hybridization solution and add the probe-containing DIG Easy 
Hyb mixture to the membrane.  Hybridize overnight with gentle agitation at the desired hybridization 
temperature. 
 
Wash the membrane twice for 5 minutes in 2× SSC, 0.1 % SDS (Appendix A.2.8) at 22 ºC with 
constant agitation.  Thereafter, wash the membrane twice for 15 minutes in 0.5× SSC, 0.1% SDS (pre-
warmed to 65 °C) (Appendix A.2.8) at 65 °C with constant gentle agitation.  Rinse the membrane for 
5 minutes in washing buffer (Appendix A.2.8), before blocking the membrane by incubating in 
approximately 25 ml of blocking solution (Appendix A.2.8) for 2 hours with gentle agitation.  
Centrifuge the anti-digoxigenin-AP (Roche) antibody vial (13,000x g for 5 minutes at 22 ºC) and add 
the appropriate volume of it to blocking solution.  Incubate the membrane for 30 minutes in the 
antibody [anti-digoxigenin-AP (Roche)] solution (Appendix A.2.8) with gentle agitation.  Wash the 
membrane twice for 15 minutes in ample washing buffer and equilibrate for 5 minutes in 20 ml of 
detection buffer (Appendix A.2.8).  
 
Visualize the hybridized DIG-labelled probes by placing each membrane (DNA side up) in an opened 
hybridization bag and applying 1 ml of the defrosted chemiluminescence substrate CSPD (Roche).  
Spread the substrate evenly spread over the membrane by folding over the opened bag.  Remove 
excess substrate after incubation for 5 minutes at 22 ºC by squeezing it out of the hybridization bag.  
Seal the edges of the bag to prevent the membrane drying out.  Incubate the damp membrane for 
10 minutes at 37 °C to enhance the luminescent reaction.  Expose the membrane to X-ray film 
(Hyperfilm, Amersham) at 22 °C in an X-ray cassette containing enhancer screens.  Develop the X-ray 
film manually as described in Appendix B.8.4. 
 
B.9 Repairing 3' and 5' overhanging ends to generate blunt ends 
(Ausubel et al., 1989 unit 3.5.8) 
 
Prepare the reaction mixture by adding the restriction enzyme digested DNA (1 - 4 µg), 2 µl of 10x 
Klenow Fragment reaction buffer, 5 U Klenow Fragment and 1 µl of 0.5 mM dNTP mix into a sterile 
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mixture at 37 °C for 30 minutes and stop the reaction by incubating the reaction mix at 75 °C for 
10 minutes. 
 
B.10 Dephosphorylation of vector DNA 
(Coyne et al., 2002) 
 
Calf intestinal phosphatase (CIP) is commonly used to enzymatically remove the 5'-phosphate groups 
from linearised DNA.  This prevents linearised vector DNA recircularising in an intermolecular 
ligation. 
 
Heat-inactivate the restriction enzyme digest according to the restriction enzyme manufacture’s 
instructions.  Prepare the reaction mixture by adding the heat inactivated restriction enzyme digested 
DNA (1 -20 pmol ends), 3 µl of 10x CIP buffer, 0.1 U CIP into a sterile microfuge tube and make up 
to a total volume of 30µl with sterile water.  Incubate the reaction mixture at 37 °C for 30 minutes and 
then stop the reaction by incubating the reaction mix at 65 °C for 10 minutes.  Prepare the DNA for 
ligation by ethanol precipitation (Appendix B.11) or electrophoresis on an agarose gel followed by gel 
extraction using a commercial kit. 
 
B.11 Ethanol precipitation of DNA 
(Coyne et al., 2002) 
 
Adjust the salt concentration of the DNA sample by adding 1/10 volume of 3 M sodium acetate, 
pH 5.2 (Appendix A.2.3) and mix well.  Add 2 - 2.5 volumes of ice-cold absolute ethanol, mix well 
and add 5 - 10 µg of yeast tRNA (Sigma).  Incubate this mixture at -20 ºC for 30 minutes and pellet 
the DNA by centrifugation (13,000x g for 15 minutes at 4 ºC).  Wash the pellet with 1 ml of ice-cold 




(Coyne et al., 2002) 
 
B.12.1 Intramolecular ligations 
 
In order to recircularize plasmid DNA for the construction of deletion subclones, use approximately 
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sterile microfuge tube.  Adjust the volume to 18 µl with sterile nuclease-free water, add 2 U of T4 
ligase (Fermentas) and incubate the ligation reaction for approximately 16 hours at 15 ºC. 
 
B.12.2 Intermolecular ligations 
 
In order to ligate two different DNA fragments (vector and insert) the total DNA concentration should 
not exceed 10 pmol and the ratio of vector to insert (V:I) should be in the range of 1:1 to 1:4 pmol.  
Add 2 µl of 10x T4 ligase buffer (Fermentas) to the DNA fragments in a sterile microfuge tube.  
Adjust the volume to 18 µl with sterile nuclease-free water, and add 2 U of T4 ligase (Fermentas).  For 
the ligation of DNA fragments with cohesive ends, incubate the reaction overnight at 15 ºC.  For the 
ligation of DNA fragments with blunt ends, use 10x more T4 ligase enzyme and incubate the reaction 
for 4 to 16 hours at 22 ºC. 
 
B.13 Northern hybridization 
 
All the solutions, apparatus and glassware were treated as recommended by Sambrook et al. (1989) for 
RNA applications. 
 
When working with RNA, clean the gel electrophoresis apparatus by rinsing the equipment with 1% 
SDS, DEPC treated water, and a brief rinse with absolute ethanol.  Thereafter, the electrophoresis tank 
and gel tray should be soaked in 3% H2O2 for 10 minutes, before being rinsed with DEPC treated 
water (Appendix A.2.9). 
 
B.13.1 Preparation of RNA for electrophoresis 
(Sambrook et al. 1989, unit 7.43) 
 
Mix the RNA sample and the RNA sample application buffer (Appendix A.2.10) in a 1:1 ratio.  RNA 
secondary structures are denatured by heating the sample at 65 ºC for 15 minutes and rapidly cooling 
on ice before loading the gel. 
 
B.13.2 Preparation and electrophoresis of RNA formaldehyde gels 
(Ausubel et al., 1989, unit 2.5) 
 
For a 1.2% (w/v) agarose gel melt 0.72 g of agarose, and for a 1% (w/v) agarose gel melt 0.6 g of 
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before adding 10 ml of 37% formaldehyde and 6 ml 10x MOPS buffer (pH 7.0) (Appendix A.2.10).  
Allow the melted agarose to cool to approximately 55 ºC before pouring the gel and allowing it to set 
in a fume-cupboard.  Once the gel has set, place it in an electrophoresis tank containing sufficient 
1x MOPS buffer (Appendix A.2.10) to cover the gel.  
 
Load the RNA samples and a RNA molecular weight marker (Promega) into the wells of the gel.  
Electrophorese the RNA formaldehyde gel at 3-4 V cm
-1
 for approximately 1.5 hours, before 
visualizing the RNA on a Gel Doc XR (Bio-Rad) system using Quantity One Version 4.5.2 Software. 
 
B.13.3 Northern transfer of RNA onto nitrocellulose membrane 
(Reed and Mann, 1985; and Sambrook et al. 1989, unit 7.46) 
 
Soak the RNA formaldehyde gel in 2x volumes sterile DEPC treated water (Appendix A.2.9) at 22 ºC 
for 30-60 minutes, with gentle shaking to remove the formaldehyde.  Thereafter, rinse the gel several 
times in 2x volumes sterile DEPC treated water and then soak the gel in 2x volumes 7.5 mM NaOH 
(Appendix A.2.11) for 20 minutes.  Soak the gel in 2x volumes 20x SSC (Appendix A.2.11) for 
45 minutes and saturate 10 sheets (10 x 15 cm) Whatman 3MM paper with 1x SSC (Appendix 
A.2.11).  Place these sheets on top of an inverted gel-casting tray which has been placed in a tray 
covered with cling wrap.  Add 1x SSC to the tray so that the ends of the Whatman paper are 
submerged.  Invert the gel and place on top of the saturated Whatman paper, ensuring that no air 
bubbles are trapped under the gel.  Cut Hybond N
+
 nylon membrane (9 x 12 cm) (Amersham).  Wet 
the membrane in distilled water and place on top of the gel, ensuring that no air bubbles are trapped 
between the gel and the membrane.  Cover the edges of the membrane with cling wrap, to prevent a 
short circuit.  Cover the membrane with 3 sheets of Whatman 3MM paper (9 x 12 cm) and place a 
10 cm stack of dry absorbant paper towel on top.  Place a glass plate on top of the towels, followed by 
a 0.2 to 0.4 kg weight and blot for 2 to 16 hours.  
 
Mark the wells of the gel on the membrane with a blunt pencil and rinse the membrane in 2x SSC / 
0.1% SDS (Appendix A.2.11) for 5 minutes at 22 ºC.  Air-dry the membrane on dry Whatman 3MM 
paper and then UV crosslink the RNA onto the membrane (Ultraviolet Crosslinker, Amersham Life 
Science).  The membrane is stored between two sheets of Whatman 3MM paper.   
 
B.13.4 Prehybridization, hybridization and washing of Northern blots 
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B.14 Preparation of soluble bacterial cell extracts by sonication 
 
Grow the bacterial culture of interest in an appropriate growth medium under the desired culture 
conditions.  Harvest the bacterial cells by centrifugation (8,000x g for 15 minutes at 4 ºC) and wash 
once with 1x PBS (Appendix A.2.3) to remove any contaminating media components.  Resuspend the 
bacterial cells in 1/10
th
 culture volume of 1x PBS and transfer to a standard container.  Place this 
standard container, holding the resuspended bacterial cells, in a beaker containing a mixture of ice and 
70% ethanol (Appendix A.2.3) to prevent heat denaturation of proteins during sonication.  The 
sonication protocol involves four bursts of 20 seconds each, at a power setting of approximately 25% 
(Virsonic Sonicator), with a 20 second pause between each burst to ensure the cellular extracts do not 
heat up and the proteins get denaturated.  Thereafter, pellet the insoluble cell debris by centrifugation 
(13,000x g for 5 minutes at 4 ºC) retain the supernatant containing the soluble intracellular proteins 
and store at -20 ºC. 
 
B.15 ELISA method 
 
Coat a 96-well polysorb ELISA plate (Nunc™) with 100 µl per well of the antigen.  Cover the 
polysorb plate with Cling Wrap and incubate for approximately 16 hours at 4 °C to allow the antigen 
to bind and coat the wells of the ELISA plate.  Discard excess unbound antigen and gently rinse the 
wells in the polysorb plate with three sequential washes of 200 µl TBS Tween (TBST) 
(Appendix A.2.22).  Block the wells of the ELISA plate to prevent non-specific binding with 200 µl of 
ELISA blocking solution (Appendix A.2.22) for 1 hour at 22 ºC.  Thereafter, discard the blocking 
solution and rinse the wells of the polysorb ELISA plate with three brief TBST washes.  Prepare a 
serial dilution of primary antibody (1 x 10
-1
 to 1 x 10
-8
) in TBST.  Add 100 µl of serially diluted 
primary antibody to each well and incubate at 22 ºC for 1 hour.  The microtitre plate reader (TitreTek 
Multiscan Machine) reads an entire row at a time and therefore the first row of the microtitre plate 
serves as a blank.  As a result, no primary antibodies should be added to the first row of wells.  After 
the primary antibody incubation step, discard the excess primary antibody dilutions and rinse the wells 
as described above.  Add 100 µl of secondary antibody [1:2,500 dilution of goat anti-rabbit IgG 
alkaline phosphatase conjugate (Sigma) in TBST] to each well and incubate at 22 ºC for 30 minutes.  
After the secondary antibody incubation step, discard the excess secondary antibody and rinse the 
wells as before.  Equilibrate the wells, briefly, with 100 µl of 10% Diethanolamine, 0.5 mM MgCl2 
(Appendix A.2.22), before incubating the wells with 100 µl of ELISA substrate (Appendix A.2.22) at 
22 ºC for 30 to 60 minutes in the dark.  As soon as a positive yellow signal is clearly visible, scan 
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B.16 PEG precipitation for purification of IgG polyclonal antibodies 
(Adapted from Polson et al., 1964) 
 
Add two volumes of borate-buffered saline (Appendix A.2.23) to one volume of serum.  Crush some 
PEG 6000 (Sigma) with a sterile pestle and mortar and add the ground PEG 6000 to the diluted serum 
to a final concentration of 14% (w/v).  Gently mix and dissolve the PEG 6000 by inversion.  
Centrifuge the mixture (13,000x g for 10 minutes at 4 °C) and dissolve the pellet in the original serum 
volume of 1x PBS (Appendix A.2.23).  Once again, add ground PEG 6000 to a final concentration of 
14% (w/v), mix gently and dissolve by inversion.  Centrifuge the mixture (13,000x g for 10 minutes at 
4 °C), re-dissolve the pellet in 1x PBS containing 60% (v/v) glycerol (Appendix A.2.23) and store in 
aliquots at -20 °C. 
 
B.17 Pre-absorbing polyclonal antibodies against bacterial cell extracts 
 
Grow an overnight bacterial culture of the strain of interest and prepare the soluble bacterial cell 
extracts by sonication as described in Appendix B.14.  Prepare an 8% SDS-PAGE gel (Appendix 
B.19).  Separate the soluble cell extract proteins by electrophoresis at a constant current of 30 mA for 
approximately 2 hours at 4 ºC as described in Appendix B.19.  After electrophoresis, remove the gels 
from the assembled gel plates and transfer the proteins to nitrocellulose membrane, as described in 
Appendix B.21.1.  Following electroblotting, dismantle the transfer apparatus and place the membrane 
in blocking solution (Appendix A.2.24) for 1 hour at 22 ºC with gentle shaking.  Discard the blocking 
solution and incubate the membrane in primary antibody [1:1000 dilution of (PEG-precipitated and 
purified IgG antibodies, as described in Appendix B.16) in blocking buffer] at 4 ºC with gentle 
agitation for approximately 16 hours.  Use the blocking buffer, containing the pre-absorbed antibodies, 
as the primary antibody mixture for western blots and/or immunohistochemical experiments. 
 
B.18 Pre-absorbing polyclonal antibodies against abalone 
(Adapted from Streit and Stern, 2001) 
 
B.18.1 Preparation of abalone powder 
 
Sacrifice twenty H. midae spat (<10 mm shell length) that have been maintained on ABFEED
®
 S34 
weaning chips for approximately 3 weeks, by incubating directly on ice for 30 minutes.  Remove their 
shells with the back of a metal spatula.  Place these shucked abalone in an SS34 centrifuge tube 
(Beckman) containing 10 ml ice-cold 1x PBS (Appendix A.2.3) and thoroughly homogenize them 
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30 minutes.  Collect the abalone homogenate by centrifugation (13,000x g for 10 minutes at 4 ºC), 
before washing the protein pellet with 40 ml of ice-cold acetone.  Remove the pelleted abalone 
homogenate from the centrifuge tube, grind it into a fine powder and spread it out on a piece of 
Whatman 3MM paper to air-dry.  Once dry the abalone powder was stored in a sterile plastic bottle at 
4 ºC. 
 
B.18.2 Pre-absorbing polyclonal antibodies against abalone powder 
 
To pre-absorb the anti-VmproA polyclonal antibodies against abalone tissues, weigh out 3 mg of 
abalone powder (Appendix B.18.1) for every microliter of the PEG precipitated anti-VmproA 
polyclonal antibody stock (Appendix B.16) to be pre-absorbed.  Add 1 ml of TBST (Appendix A.2.22) 
to the weighed out abalone powder, mix well by vortexing and incubate at 70 ºC for 30 minutes.  
Thereafter, mix again by vortexing and centrifuge (3,000x g for 1 minute at 22 ºC) to pellet the 
insoluble debris.  Discard the supernatant and wash the pellet, as before, until the supernatant is clear.  
After the final wash resuspend the pellet in 1 ml of immunohistochemical buffer (Appendix A.2.28) 
and the desired dilution of PEG precipitated anti-VmproA polyclonal antibodies.  Incubate this 
mixture for 2-3 hours at 22 ºC with gentle agitation.  Harvest the ant-VmproA polyclonal antibody-
containing supernatant by centrifugation (13,000x g for 5 minutes at 4 ºC), adjust to the final required 
dilution of antibody using immunohistochemical buffer and store at 4 ºC. 
 
B.19 Preparing and running denaturing SDS-PAGE gels 
(Ausubel et al., 1989, unit 10.2) 
 
Combine the following reagents for an 8% separating gel in a clean glass beaker: 
 
1.5 M Tris-HCl, pH 8.8 (Appendix A.2.15) 5 ml 
40% Acrylogel (Sigma) 4 ml 
20% SDS (Appendix A.2.3) 0.1 ml 
10% ammonium persulphate (Appendix A.2.15) 0.1 ml 
TEMED 0.01 ml 
Sterile water to 20 ml 
 
Once the separating gel layer has been poured, gently layer isopropanol (Merck) on top to ensure an 
even interface between the separating and stacking gels.  Once the separating gel has polymerized, 
remove the isopropanol and any unpolymerized acrylamide with several gentle rinses of stacking gel 
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Combine the following reagents for a 4% stacking gel in a clean glass beaker: 
 
0.5 M Tris-HCl, pH 6.8 (Appendix A.2.15) 1.25 ml 
40% Acrylogel (Sigma) 0.5 ml 
20% SDS (Appendix A.2.3) 0.025 ml 
10% ammonium persulphate (Appendix A.2.15) 0.025 ml 
TEMED 0.005 ml 
Sterile water to 5 ml 
 
Pour the stacking gel, insert the comb, and allow the stacking gel to polymerize.  Once the stacking gel 
has polymerized, remove any unpolymerized acrylamide with several gentle rinses of stacking gel 
buffer (Appendix A.2.15).  The polymerized polyacrylamide gels are clamped into the electrophoresis 
apparatus (Bio-Rad) and the reservoir tank filled with SDS-PAGE running buffer (Appendix A.2.15) 
that has been pre-chilled to 4 ºC.  
 
Prepare the protein samples by adding 6x SDS-PAGE sample application buffer (Appendix A.2.15), 
before loading into the wells of the polyacrylamide gel.  Electrophorese the gel at a constant current of 
30 mA.  After electrophoresis, remove the gels from the assembled gel plates and visualize the protein 
bands in the gel by staining with Coomassie SDS-PAGE stain (Appendix A.2.16) for 30 minutes at 
37 ºC.  Destain the gel in Coomassie SDS-PAGE gel destain solution (Appendix A.2.16) and store in 
gel storage solution (Appendix A.2.16). 
 
B.19.1 Silver staining of polyacrylamide gels 
(Blum et al., 1987) 
 
Remove the gels from the assembled gel plates and fix for 1 hour to 16 hours in Fix solution 
(Appendix A.2.17).  Discard the fix solution and wash the gels with the first wash solution (Appendix 
A.2.17) three times for 20 minutes each.  Thereafter, incubate the gels in pretreatment solution 
(Appendix A.2.17) for one minute, before washing the gels three times for 20 seconds each in the 
second wash solution (Appendix A.2.17).  Rinse the gels twice for 20 seconds with distilled water.  
The protein bands on the gel are visualized by incubating the gels in the Develop solution (Appendix 
A.2.17) until the bands are clearly visible.  The reaction is stopped by rinsing the gels in water twice 
for 2 minutes and then in stop buffer (Appendix A.2.17) for 10 minutes.  Store the gel in 1% (v/v) 
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B.20 Preparing and running substrate SDS-PAGE gels (Zymograms) 
 
B.20.1 Preparing and running SDS-Gelatine-PAGE gels 
 
Combine the following reagents for an 8% separating gel in a clean glass beaker: 
 
1.5 M Tris-HCl, pH 8.8 (Appendix A.2.15) 5 ml 
5% Gelatine (Appendix A.2.18) 4 ml 
40% Acrylogel (Sigma) 4 ml 
20% SDS (Appendix A.2.3) 0.1 ml 
10% ammonium persulphate (Appendix A.2.15) 0.1 ml 
TEMED 0.01 ml 
Sterile water to 20 ml 
 
Pour the separating gel layer, gently layer isopropanol on top to ensure an even interface between the 
separating and stacking gels.  Once the separating gel has polymerized, remove the isopropanol and 
unpolymerized acrylamide with several gentle rinses of stacking gel buffer (Appendix A.2.15), before 
the stacking gel is poured.  
 
Prepare and pour the 4% stacking gel as described in Appendix B.19. 
 
Clamp the polymerized gels into the Mighty Small II SE250 electrophoresis apparatus (Hoefer 
Scientific Instruments) and fill the reservoir tanks with SDS-PAGE running buffer (Appendix A.2.15) 
that has been pre-chilled to 4 ºC.  Prepare the protein samples by filtering culture supernatant through 
a 0.22 µm syringe filter, before adding 2.5% (w/v) SDS (Appendix A.2.18) and 2% (v/v) glycerol 
(Appendix A.2.18) and incubating the mixture at 37 ºC for 30 minutes.  Add zymogram sample 
application buffer (Appendix A.2.18) to a final 1x concentration, before loading the gel and separating 
the proteins at a constant current of 30 mA at 4 ºC.  After electrophoresis, remove the gels from the 
assembled gel plates and incubate in Triton X-100 wash solution (Appendix A.2.18) for 1 hour at 
22 ºC to remove the SDS.  Thereafter, incubate the gels in Glycine incubation buffer 
(Appendix A.2.19) for 3 hours at 37 ºC.  Visualize zones of proteolytic activity in the gel by staining 
the gel with Amido black staining solution (Appendix A.2.18) for 10 minutes at 22 ºC and destaining 
in Amido black destaining solution (Appendix A.2.18).  Photograph or scan the gel and store in gel 
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B.20.2 Preparing and running SDS-PAGE Casein zymograms 
(Based on Saborowski et al., 2004) 
 
Prepare the SDS-PAGE gel according to the method outlined in Appendix B.19.  
 
Prepare and electrophorese the protein samples as described in Appendix B.20.1, with the exception 
that the samples are loaded in duplicate on opposite sides of the polyacrylamide gel.  After 
electrophoresis, remove the gels from the assembled gel plates, and cut in half with a sharp scalpel 
blade.  Stain one half of the polyacrylamide gel with coomassie stain, as described in Appendix B.19, 
in order to assess the integrity and size of the protein samples.  Incubate the other half in Triton X-100 
wash solution (Appendix A.2.19) for 1 hour at 22 ºC to remove the SDS.  Thereafter, rinse briefly in 
100 mM Tris-HCl (pH 9.0) before incubating in casein penetrating solution (Appendix A.2.19) at 4 ºC 
for 30 minutes.  Incubate the gel in the casein penetrating solution for a further 60 minutes at 22 ºC.  
Wash the gel thoroughly with sterile distilled water to remove any adhering casein, before visualizing 
any zones of proteolytic activity in the gel by staining the gel with coomassie stain, as outlined in 
Appendix B.19.  The gel is photographed or scanned and stored in gel storage solution (Appendix 
A.2.16). 
 
B.21 Western blot Analysis 
 
B.21.1 Electroblotting of proteins onto nitrocellulose membrane 
(Towbin et al., 1979) 
 
Remove the SDS-PAGE gel from the glass plates of the electrophoresis apparatus and soak the gel in 
Towbin blotting buffer (Appendix A.2.25) for 1 hour.  Cut four sheets of Whatman 3MM filter paper 
and nitrocellulose membrane (Protran) to the size of the gel.  Pre-wet the nitrocellulose membrane and 
Whatman 3MM filter paper pieces in Towbin blotting buffer (Appendix A.2.25) and place the gel on 
the membrane, ensuring that no air bubbles are trapped between the gel and membrane.  Sandwich the 
membrane and gel between the filter paper and clamp the sandwich between the perforated perspex 
leaves of the transfer apparatus (Bio-Rad).  Load the entire assembly into the transfer apparatus, 
containing the ice-pack and ensure that the chamber is filled with Towbin blotting buffer.  Transfer at 
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B.21.2 Chemiluminescent detection of western Blots 
 
Remove the membrane from the transfer apparatus and place it in blocking solution (Appendix 
A.2.24) for 1 hour at 22 ºC with gentle shaking.  Discard the blocking solution and incubate the 
membrane for 3 to 16 hours in primary antibody (1:5000 dilution in blocking buffer) at 4 ºC.  
Thereafter, wash the membrane 4x 15 minutes in PBT wash solution (Appendix A.2.24) at 22 ºC with 
gentle agitation.  Incubate the membrane for 3 hours in secondary antibody [1:10,000 dilution of goat 
anti-rabbit IgG (H+L) horseradish peroxidase conjugate (KPL, USA) in blocking buffer].  Thereafter, 
wash the membrane 4 x 15 minutes in PBT wash solution at 22 ºC with gentle agitation.  Detection is 
carried out using the chemiluminescent substrate (LumiGLO
®
, KPL, USA) according to the 
manufacturer’s instructions.  The fluorescent signal is detected on X-ray film (HyperFilm, Amersham) 
at 22 °C in an X-ray cassette containing enhancer screens.  Visualise the result following manual X-
ray film development and air drying the film for approximately 30 minutes. 
 
B.22 Azo-casein protease assay 
(Long et al., 1981) 
 
Transfer 1 ml of culture to a microfuge tube and pellet the cells by centrifugation (13,000x g for 
5 minutes at 22 ºC).  Transfer 100 µl aliquots of culture supernatant to three separate microfuge tubes.  
Add 100 µl of the Azo-casein solution (Appendix A.2.20) to each of the microfuge tubes.  
Immediately add 200 µl of ice-cold 10% (w/v) TCA (Appendix A.2.20) to one of the three tubes 
containing culture supernatant and Azo-casein solution, place on ice (this is the control tube, t = 0) and 
incubate the remaining two tubes at 37 °C, unless otherwise indicated, for 30 minutes.  After this 
incubation step, add 200 µl ice-cold 10% (w/v) TCA to each of the remaining two microfuge tubes 
and incubate on ice for 30 minutes. 
 
Pellet the precipitated Azo-casein by centrifugation (13,000x g for 5 minutes at 22 ºC).  Carefully 
transfer 0.3 ml of each supernatant to a 1.5 ml plastic disposable cuvette.  Add 0.3 ml of 0.5 M NaOH 
(Appendix A.2.20) to each sample, mix and determine the absorbance of the solutions at 440 nm, 
using the control tube as a blank. 
 
One unit of protease activity per ml of culture supernatant (U ml
-1
) is an increase in absorbance of 0.1 












APPENDIX B:   Standard methods 
 
312 
B.23 DNS reducing sugar assay  
(Miller, 1959) 
 
The standard protocol for the DNS reducing sugar assay is used to determine the glucose 
concentration in growth media and cell-free supernatant.  Briefly, add 50 µl of cell-free culture 
supernatant to 150 µl of DNS reagent (Appendix A.2.29) and boil for 5 minutes, before rapidly 
cooling on ice.  Following the addition of 800 µl of distilled water, the amount of reducing sugar 
present in the supernatant is determined by measuring the absorbance at 510 nm (Beckman DU-64 
spectrophotometer).  For the assay blank, 50 µl of distilled water is added instead of culture 
supernatant, and the assay is preformed as described above.  A reducing sugar standard curve is 
constructed by plotting light absorbance at 510 nm against known concentrations of glucose standards 
(Appendix A.2.29).  
 
B.24 Bradford protein assay for protein quantitation 
 
Aliquot (in triplicate) the following amounts of the 10 mg ml
-1
 BSA stock (Appendix A.2.13) and 
sterile distilled water into sterile microfuge tubes: 
 








Blank 0 100 0 
1 2.5 97.5 2.5 
2 5 95 5 
3 10 90 10 
4 15 85 15 
5 20 80 20 
 
Add 20 µl of the protein sample (in triplicate) to a sterile microfuge tube.  Add 1 ml of the diluted 
Bradford’s Reagent (Appendix A.2.13) to the standard and the sample tubes, and mix by vortexing 
briefly.  Allow the microfuge tubes to stand for between 5 and 60 minutes at 22ºC.  Following the 
incubation, the amount of protein within the samples is determined by measuring the absorbance at 
595 nm (Beckman DU-64 spectrophotometer).  For the assay blank, 100 µl of distilled water is added 
and the assay preformed as described above.  A standard curve of protein concentration is constructed 
by plotting light absorbance at 595 nm against known concentrations of BSA protein standards 
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B.25 PCR Protocols 
 




gfp-F 5' - GATTTCTAGATTTAAGAAGC - 3' 
gfp-R 5' - TCATATTTGTATAGTTCATCC - 3' 
 
B.25.1.2 PCR Protocol  
 
This is an optimized PCR protocol for 50 µl reaction volumes. 
 






















94 300 1 
94 60  
45 60 30 
72 60  
72 420 1 
Reagents  Volume (µl) 
Chromosomal DNA (50 ng µl
-1
), or 




MgCl2 (25 mM) 6 
PCR buffer (10x) 5 
Primer  gfp-F (10 µM) 5 
Primer  gfp-R (10 µM) 5 
Taq Polymerase (1 U µl
-1
) 1 
dNTPs (2.5 mM) 4 
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B.25.2 PCR amplification of the kanamycin resistance gene from pGreenII or to screen for the 





KanFwd 5' - CTCACGTTAAGCGGCCGCATTTTGG - 3' 
KanRev 5' - CAAAGCCACGGAATTCGTGTCTC - 3' 
 
B.25.2.2 PCR Protocol 
 
This an optimized PCR protocol for 50 µl reaction volumes. 
 






















94 180 1 
94 60  
54 60 
30 
72 120  
72 420 1 
Reagents  Volume (µl) 
Chromosomal DNA (50 ng µl
-1
), or 




MgSO4 (25 mM) 4 
PCR buffer (10x) 5 
Primer KanFwd (10 µM) 5 
Primer KanRev (10 µM) 5 
Pfu Polymerase (2.5 U µl
-1
) 1 
dNTPs (2.5 mM) 4 
Sterile dH2O 24 
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B.25.3 Universal eubacterial 16S rRNA PCR 




fD1 5' - AGAGTTTGATCCTGGCTCAG - 3' 
Rp2 5' - ACGGCTACCTTGTTACGACTT - 3' 
B.25.3.2 PCR Protocol 
 
This an optimized PCR protocol for 25 µl reaction volumes. 
 























95 180 1 
95 45  
56 30 
35 
72 195  
72 300 1 
 
Reagents  Volume (µl) 
Chromosomal DNA (50 ng µl
-1
) 1 
MgSO4 (25 mM) 3 
PCR buffer (10x) 2.5 
Primer  fD1 (10 µM) 2.5 
Primer  Rp2 (10 µM) 2.5 
Pfu Polymerase (2.5 U µl
-1
) 0.5 
dNTPs (2.5 mM) 2 
Sterile dH2O 11 
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StopFwd 5' - CGTCTAGCTTGTCGGCGTG - 3' 
StopRev 5' - CTCCCTAAGCAACGCGTGC - 3' 
Note:  The bold red letters indicate the bases that were altered to form in-frame stop codons. 
 
B.25.4.2 PCR Protocol  
 
This an optimized PCR protocol for 50 µl reaction volumes. 
 






















95 300 1 
95 60  
62 60 25 
72 120  
72 600 1 
Reagents  Volume (µl) 
pMR11 plasmid DNA (5 ng µl
-1
) 2 
MgSO4 (25 mM) 6 
PCR buffer (10x) 5 
Primer StopFwd (10 µM) 5 
Primer StopRev (10 µM) 5 
Pfu Polymerase (2.5 U µl
-1
) 1 
dNTPs (2.5 mM) 4 
Sterile dH2O 22 
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B.25.5 E. coli SM10λpir colony PCR to screen for the StopFwd/StopRev internal detergent-




StopFwd 5' - CGTCTAGCTTGTCGGCGTG - 3' 
StopRev 5' - CTCCCTAAGCAACGCGTGC - 3' 
B.25.5.2 PCR Protocol  
 
A single colony was picked from the LA solid media, supplemented with 100 µg ml
-1
 ampicillin, with 
a sterile toothpick and resuspended in 10 µl of sterile water.  This bacterial suspension was thoroughly 
mixed, and 1 µl was included in the PCR reaction as the template DNA. 
 
This is an optimized PCR protocol for 10 µl reaction volumes. 
 





















95 300 1 
95 30  
62 30 
30 
72 30  
72 420 1 
Reagents  Volume (µl) 
Template DNA (Bacterial suspension) 1 
MgCl2 (25 mM) 1.2 
PCR buffer (10x) 1 
Primer StopFwd (10 µM) 0.5 
Primer StopRev (10 µM) 0.5 
Taq Polymerase (1 U µl
-1
) 0.2 
dNTPs (2.5 mM) 0.8 
Sterile dH2O 4.8 
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B.25.6 E. coli SY327λpir colony PCR to screen for the presence of the kanamycin resistance 




KanFwd 5' - CTCACGTTAAGCGGCCGCATTTTGG - 3' 
KanRev 5' - CAAAGCCACGGAATTCGTGTCTC - 3' 
B.25.6.2 PCR Protocol 
 
A single colony was picked from the LA solid media, supplemented with 120 µg ml
-1
 kanamycin, with 
a sterile toothpick and resuspended in 10 µl of sterile water.  This bacterial suspension was thoroughly 
mixed, and 1 µl was included in the PCR reaction as the template DNA. 
 
This PCR protocol was optimized for 10 µl reaction volumes. 
 
























94 300 1 
94 30  
54 30 30 
72 45  
72 420 1 
 
Reagents  Volume (µl) 
Template DNA (Bacterial suspension) 1 
MgCl2 (25 mM) 1.2 
PCR buffer (10x) 1 
Primer KanFwd (10 µM) 0.5 
Primer KanRev (10 µM) 0.5 
Taq Polymerase (1 U µl
-1
) 0.2 
dNTPs (2.5 mM) 0.8 
Sterile dH2O 4.8 
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ProMutFwd 5' - GCTTGGTTATTGATCATGTTTCTG - 3' 
ProMutRev 5' - GAATAGCGTCTCCTCGTTAACAC - 3' 
B.25.7.2 PCR Protocol 
 
This is an optimized PCR protocol for 50 µl reaction volumes. 
 






















94 300 1 
94 45  
54 90 35 
72 60  
72 420 1 
 
Reagents  Volume (µl) 
Chromosomal DNA (50 ng µl
-1
), or 




MgCl2 (25 mM) 8 
PCR buffer (10x) 5 
Primer ProMutFwd (10 µM) 5 
Primer ProMutRev (10 µM) 5 
Taq Polymerase (1 U µl
-1
) 1 
dNTPs (2.5 mM) 4 
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ProFwd1 5' - CTGTCGGCTCGACCAC- 3' 
ProRev1 5' - CGCGGCTAACGATCAA- 3' 
 
B.25.8.2 PCR Protocol 
 
This is an optimized PCR protocol for 50 µl reaction volumes. 
 




























94 300 1 
94 60  
50 60 30 
72 60  
72 420 1 
 
Reagents  Volume (µl) 
pMR11 plasmid DNA (5 ng µl
-1
) 2 
MgCl2 (25 mM) 68 
PCR buffer (10x) 5 
Primer  ProFwd1 (10 µM) 5 
Primer  ProRev1 (10 µM) 5 
Taq Polymerase (1 U µl
-1
) 1 
dNTPs (2.5 mM) 4 

















B.26.1 Automated sequencing 
 
The clones (pMR11, pDel11, pSub11 and pProH3) were sequenced in both the forward and reverse 
direction using the M13Fwd and M13Rev vector primers (Yanisch-Perron et al., 1985), and the 
sequence specific sequencing primers PSeqFwd and PSeqRev. 
 
B.26.1.1 PCR primers for cycle sequencing 
 
M13Fwd 5' - CGCCAGGGTTTTCCCAGTCACGAC - 3'  
M13Rev 5' - GAGCGGATAACAATTTCACACAGG - 3'  
PSeqFwd 5' - CCAGCACGGACGTACGTTCGAG - 3' 
PSeqRev 5' - CCAGCACGGACGTACGTTCGAG - 3' 
 
B.26.1.2 Automated sequencing protocol 
 
The ABI Prism cycle sequencing kit (BigDye® Terminator v3.1 Cycle Sequencing Kit, Applied 
Biosystems) was used for sequencing, using BIOLINE Half Dye Mix.  All reactions were performed 
according to the manufacturer’s instructions. 
 
The sequencing reactions were prepared as follows:  
 
Reagents  Volume (µl) 
Sequencing primer (5 µM) 2 
Template (200 ng) 4 
Big Dye Buffer (10x) 2 
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The sequencing PCR cycle profile: 
 
Temperature (ºC) Time (s) Cycles 
96 60 1 
94 30  
50 10 25 
60 240  
72 180 1 
 
Sequencing was performed in both the forward and reverse directions using the corresponding 
primers.  All reactions were performed according to the manufacturer's instructions and cycle 
sequenced on a GeneAmp PCR System 9700, Perkin Elmer, Applied Biosystems.  Sequencing 
reactions of the clones were run on a MegaBACE 500 Automated Capillary DNA Sequencing System 
(AmershamBiosciences, Amersham and Pharmacia Biotech Molecular Dynamics) using LPA long-
read gel matrix and analysed using the MegaBACE 500 Sequence Analyser v2.4 software, by the 
MCB Sequencing Unit, University of Cape Town. 
 
The sequences were edited and assembled using DNAMAN version 4.13 (Lynnon BioSoft) and 
Chromas version 2.01 (Technelysium).  
 
B.26.2 Primer extension 
 
B.26.2.1 Oligonucleotide primer for primer extension 
 
The oligonucleotide primers PExt and PExtCy5 were synthesized by the MCB Oligonucleotide 
Synthesis Unit, University of Cape Town. 
 
PExt:  5' - GCACTGTCCGCAATCTCATTGG - 3' 
PExtCy5: 5' - *GCACTGTCCGCAATCTCATTGG - 3' 
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B.26.2.2 Sequencing protocol 
 
The sequencing reactions were prepared as follows: 
 
Reagents  Volume (µl) 
Sequencing primer (2 µM) 1 
Template (500 ng) 4 
Buffer (3.5x) 7.2 




The reaction mixture was gently mixed by vortexing, before 3 µl was aliquoted into each of four thin-
walled PCR tubes containing either ddATP, ddCTP, ddGTP or ddTTP.  These sequencing reactions 
were mixed and cycle sequenced as described below.  
 
The sequencing PCR cycle profile: 
 
Temperature (ºC) Time (s) Cycles 
94 60 1 
94 30  
50 15 30 
70 60  
70 180 1 
 
Sequencing was performed using the 5'-Cy5 labelled primer, PExtCy5.  All reactions were performed 
according to the manufacturer's instructions and cycle sequenced on a GeneAmp PCR System 9700, 
Perkin Elmer, Applied Biosystems.  Primer extension sequencing reactions were stopped by the 
addition of 3 µl of stop buffer and denatured at 70 ºC for 3 minutes, before being electrophoresed on a 
5% (v/v) LongRanger
®
 Gel Solution (Lonza, USA) polyacrylamide gel on an ALFExpress
™
 DNA 
Sequencer (Pharmacia Biotech), by the MCB Sequencing Unit, University of Cape Town.  The whole 
volume of the primer extension sample was loaded on the gel in the G-lane, with 2 µl A (0.45 mM 
ddATP and 45 µM each of dATP, dCTP, dTTP and 7deaza dGTP), C (0.3 mM ddCTP and 45 µM 
each of dATP, dCTP, dTTP and 7deaza dGTP), and T (0.45 mM ddTTP and 45 µM each of dATP, 
dCTP, dTTP and 7deaza dGTP) from a pMR11 sequencing reaction in the corresponding flanking 
lanes.  At the same time 2 µl of A (ddATP), C (ddCTP), G (0.3 mM ddGTP and 45 µM each of dATP, 
dCTP, dTTP and 7deaza dGTP) and T (ddTTP) of an additional pMR11 sequencing reaction were run 
in the corresponding lanes on either side of the primer extension reaction, and the sequencing gel run 
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Data was analysed using the AlfWin AM version 3.0 software.  The sequence was edited and 
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C 1 Analysis of cell viability 
 







vacuum impregnated with Vibrio midae SY9, Vibrio midae SY9Mut2 
and Vibrio midae SY9Pro2 and stored at 4 ºC over a 29 day period.  
The cell viability was determined for each strain after 7, 14, 22 and 
29 days of storage and the loss of viability analyzed by paired student 
t-tests. 
 
Student t-test P-values Days of storage 
at 4 ºC V. midae SY9 V. midae SY9Mut2 V. midae SY9Pro2 
7 <0.001* <0.001* <0.001* 
14 0.002* <0.001* 0.001* 
22 0.086 0.015* 0.043* 
29 0.017* 0.006* 0.002* 
 
The student t-test for pairwise comparisons (significance level = 0.05) was 
performed on normally distributed data.  * (P<0.05) represents a significant 














C 2 Analyses of abalone growth parameters 
 
Table 2 Pairwise multiple comparison analysis (Tukey Test) of Haliotis midae 
shell length (mm) over a 180 day period, after feeding the abalone a 
basal diet, or the basal diet supplemented with either Vibrio midae 
SY9, Vibrio midae SY9Pro2 or Vibrio midae SY9Mut2. 
 











Basal (57) 0.986 1.00 0.992 
V. midae SY9 (57)   0.992 0.919 
V. midae SY9Pro2 (62) 0.984 
0 





Basal (57) 0.795 0.826 0.697 
V. midae SY9 (57) 1.00 0.999 
V. midae SY9Pro2 (62) 0.996 
56 





Basal (57) 0.639   0.018*   0.009* 
V. midae SY9 (57) 0.317 0.494 
V. midae SY9Pro2 (62) 0.996 
111 





Basal (57) 0.342   0.008*   0.033* 
V. midae SY9 (57) 0.444 0.739 
V. midae SY9Pro2 (62) 0.963 
180 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 
significant difference between the mean values.  Values in parentheses are numbers of 














Table 3 Pairwise multiple comparison analysis (Tukey Test) of Haliotis midae 
shell width (mm) over a 180 day period, after feeding the abalone a 
basal diet, or the basal diet supplemented with either 
Vibrio midae SY9, Vibrio midae SY9Pro2 or Vibrio midae SY9Mut2. 
 
Tukey Test P-values Time  
(Days) 
 
Dietary treatment (n) 






Basal (57) 0.987 0.997 0.950 
V. midae SY9 (57) 0.999 0.814 
V. midae SY9Pro2 (62) 0.875 
0 





Basal (57) 0.918 0.882 0.839 
V. midae SY9 (57) 1.000 0.998 
V. midae SY9Pro2 (62) 1.000 
56 





Basal (57) 0.286   0.021*   0.014* 
V. midae SY9 (57) 0.707 0.633 
V. midae SY9Pro2 (62) 0.999 
111 





Basal (57) 0.102  <0.001*   0.003* 
V. midae SY9 (57) 0.267 0.669 
V. midae SY9Pro2 (62) 0.899 
180 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 
significant difference between the mean values.  Values in parentheses (n) are 
















Table 4 Pairwise multiple comparison analysis (Tukey Test) of mean 
Haliotis midae weight over a 180 day period, after feeding the abalone 
a basal ABFEED
®
 S34 weaning chips diet, or the basal diet 
supplemented with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 
Vibrio midae SY9Mut2. 
 
Tukey Test P-values Time  
(Days) 
 
Dietary treatment  






Basal (57) 0.988 0.999 1.000 
V. midae SY9 (57) 0.997 0.973 
V. midae SY9Pro2 (62) 0.996 
0 





Basal (57) 0.883 0.915 0.809 
V. midae SY9 (57) 1.000 0.999 
V. midae SY9Pro2 (62) 0.995 
56 





Basal (57) 0.626 0.017* 0.019* 
V. midae SY9 (57) 0.314 0.330 
V. midae SY9Pro2 (62) 1.000 
111 





Basal (57) 0.888 0.003* 0.040* 
V. midae SY9 (57) 0.032* 0.223 
V. midae SY9Pro2 (62) 0.835 
180 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 
significant difference between the mean values.  Values in parentheses (n) are 
















Table 5 Pairwise multiple comparison analysis (Tukey Test) of the growth rate 
in terms of shell length of Haliotis midae (mm month
-1
) over a 180 day 
period, after feeding the abalone a basal diet, or the basal diet 
supplemented with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 
Vibrio midae SY9Mut2. 
 











Basal (57) 0.092 0.058 <0.001* 
V. midae SY9 (57) 0.999 0.191 
V. midae SY9Pro2 (62) 0.230 
56 





Basal (57) 0.126 <0.001* <0.001* 
V. midae SY9 (57) 0.088  0.006* 
V. midae SY9Pro2 (62)  0.775 
111 





Basal (57) 0.560 0.011* 0.016* 
V. midae SY9 (57) 0.297 0.357 
V. midae SY9Pro2 (62) 0.999 
180 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 
significant difference between the mean values.  Values in parentheses are numbers of 




















Table 6 Pairwise multiple comparison analysis (Tukey Test) of the overall 
growth rate in shell length of H. midae (mm month
-1
) over a 180 day 
period, after feeding the abalone a basal diet, or the basal diet 
supplemented with either V. midae SY9, V. midae SY9Pro2 or 
V. midae SY9Mut2. 
 
Tukey Test P-values Dietary treatment 




Basal  0.106 <0.001* <0.001* 
V. midae SY9  0.351 0.036* 
V. midae SY9Pro2  0.711 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with feed (P<0.05).  * (P<0.05) represents a 




























Table 7 Pairwise multiple comparison analysis (Tukey Test) of the growth rate 
in shell width of Haliotis midae (mm month
-1
) after a 56, 111 and 180 
day period, while feeding the abalone a basal diet, or the basal diet 
supplemented with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 
Vibrio midae SY9Mut2. 
 
Tukey Test P-values Time 
(Days) 
Dietary treatment (n) 






Basal (57) 0.490 0.290 <0.001* 
V. midae SY9 (57) 0.989  0.012* 
V. midae SY9Pro2 (62)  0.026* 
56 





Basal (57) 0.080 <0.001* <0.001* 
V. midae SY9 (57)  0.180  0.003* 
V. midae SY9Pro2 (62)  0.465 
111 





Basal (57) 0.191 <0.001* <0.001* 
V. midae SY9 (57) 0.186  0.165 
V. midae SY9Pro2 (62)  1.000 
180 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 
significant difference between the mean values.  Values in parentheses (n) are 





















Table 8 Pairwise multiple comparison analysis (Tukey Test) of the overall 
growth rate in shell width of Haliotis midae (mm month
-1
) over a 180 
day period, after feeding the abalone a basal diet, or the basal diet 
supplemented with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 
Vibrio midae SY9Mut2. 
 
Tukey Test P-values Dietary treatment 






Basal  0.115 <0.001* <0.001* 
V. midae SY9  0.338  0.005* 
V. midae SY9Pro2   0.343 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with feed (P<0.05).  * (P<0.05) represents a 






























Table 9 Pairwise multiple comparison analysis (Tukey Test) of the growth rate 
in weight of Haliotis midae (g month
-1
) over a 180 day period, after 
feeding the abalone a basal diet, or the basal diet supplemented with 
either Vibrio midae SY9, Vibrio midae SY9Pro2 or 
Vibrio midae SY9Mut2. 
 
Tukey P-values Time 
(Days) 
Dietary treatment 






Basal (57) 0.495 0.473 0.031* 
V. midae SY9 (57) 1.000 0.559 
V. midae SY9Pro2 (62) 0.546 
56 





Basal (57) 0.614 <0.001* <0.001* 
V. midae SY9 (57)  0.036*  0.016* 
V. midae SY9Pro2 (62)  0.992 
111 





Basal (57) 0.987 0.020* 0.083 
V. midae SY9 (57) 0.054 0.179 
V. midae SY9Pro2 (62) 0.953 
180 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 
significant difference between the mean values.  Values in parentheses (n) are 





















Table 10 Pairwise multiple comparison analysis (Tukey Test) of the growth rate 
in terms of Haliotis midae weight (g month
-1
) over a 180 day period, 
after feeding the abalone a basal diet, or the basal diet supplemented 
with either Vibrio midae SY9, Vibrio midae SY9Pro2 or 
Vibrio midae SY9Mut2. 
 
Tukey Test P-values Dietary treatment 






Basal  0.702 0.224 0.004* 
V. midae SY9  0.224 0.099* 
V. midae SY9Pro2    0.979 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 





























Table 11 Pairwise multiple comparison analysis (Tukey Test) of the 
Haliotis midae condition factor over a 180 day period, after feeding the 
abalone a basal diet, or the basal diet supplemented with either 
Vibrio midae SY9, Vibrio midae SY9Pro2 or Vibrio midae SY9Mut2. 
 
Tukey Test P-values Dietary treatment 






Basal  0.368 0.952 0.707 
V. midae SY9  0.675 0.938 
V. midae SY9Pro2  0.945 






The Tukey method for multiple comparisons (significance level = 0.05) was 
performed only on data sets for which the Repeated Measures two-way ANOVA 
showed a significant interaction with time (P<0.05).  * (P<0.05) represents a 



































C 3 Analyses of in situ protease activity of H. midae digestive tract samples 
 
Table 12 Pairwise multiple comparison analysis of the in situ specific protease 
activity of crop/stomach samples from Haliotis midae fed a basal 
ABFEED
®
 S34 diet, or ABFEED
®
 S34 supplemented with either 











Basal <0.001* 0.313 0.095 
V. midae SY9 <0.001* <0.001* 
V. midae SY9Mut2  0.008* 






The Holm-Sidak method for multiple comparisons (significance level = 0.05) was 
performed on normally distributed and equally variant data, for which one-way 
ANOVA showed a significant effect due to feed (P<0.05).  * (P<0.05) represents a 

































Table 13 Pairwise multiple comparison analysis of the in situ protease activity of 
intestinal samples from Haliotis midae fed a basal ABFEED
®
 S34 diet, 
or ABFEED
®
 S34 supplemented with either Vibrio midae SY9, 
Vibrio midae SY9Mut2 or Vibrio midae SY9Pro2.  
 
Student t-test P-values 
Feed 





Basal <0.001* 0.429 <0.001* 
V. midae SY9 <0.001* <0.001* 
V. midae SY9Mut2 <0.001* 






The paired student t-test for pairwise comparisons (significance level = 0.05) was 
performed on normally distributed, but not equally variant data, for which the 
Kruskal-Wallis one-way ANOVA showed a significant effect due to feed (P<0.05).  
* (P<0.05) represents a significant difference between the mean values of the in situ 
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